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Thesis Abstract  

Polygonal faults are layer-bound arrays of normal faults confined to specific 

stratigraphic intervals called tiers. Typically hosted in fine-grained sediments, 

polygonal faults are thought to have the potential for fluid leakage and represent a 

potential seal bypass mechanism. Intergral to understanding the impact of polygonal 

faults on regional top seal is timing and evolution of polygonal fault tiers. Whilst there 

are numerous studies imaging and describing polygonal faults in numerous basins 

around the world, very few specifically consider the growth of polygonal faults. 

Additionally, very few polygonal fault studies examine the evolution of fault 

hierarchies and how these hierarchies accommodate strain and deformation within the 

tier. 

This study examines two wedge-shaped polygonal fault tiers on different passive 

margins. The first polygonal fault tier studied is from offshore Angola and is hosted 

in sediment thickness of less 500 m, in Plio-Pleistocene claystones. The second tier 

examined is from the Modgunn Arch, Norwegian Margin and is hosted in a sequence 

of siliceous oozes and claystones of Eocene to Pliocene age, up to 1200 m in thickness. 

This study uses the differences in sediment ages to compare and contrast polygonal 

fault tiers at different stages of evolution and aims to examine common features 

between young and mature tiers in order to constrain tier evolution.  

This study considers two aspects of polygonal fault growth. Firstly it considers the 

utility of perturbations in polygonal fault tiers around features of the base of the tier. 

These perturbations have the potential to be a useful proxy for elucidating the 

nucleation position of polygonal faults in the tier. The second aspect of polygonal fault 

tier evolution reviews the mechanisms that control organisation hierarchies within a 

tier and examines the role of linkage in creating large master polygonal faults.  

The results of this thesis show that the polygonal faults can initiate at low temperatures 

and low pressures, in sediment thickness of 100 m or less. Moreover, it can be 

demonstrated that polygonal fault tips propagate preferentially upwards with basal tips 

pinned by a mechanical boundary at the base of the tier and lateral tips pinned by early 

forming branchline intersections. The transition from shallow to deep burial shows 

that polygonal fault hierarchies are naturally forming and may relate to variation in 

the propagation rate of polygonal faults within the tier. With increasing burial, there 
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is an increased likelihood of branchline interaction. Branchline interaction can occur 

laterally with lateral tips abutting against other faults in the network. Vertical 

abutments occur where upwardly propagating tips interact to form triangular 

abutments and are a key mechanism forcing in the organisation of polygonal faults 

and growth of Master faults. Both abutment styles also impact the spatial distribution 

of displacement maxima. Polygonal fault tiers also show subtle spatial variablilty in 

orientation and linkage mechanisms that can be attributed to the distribution and 

magnitude of far field stresses as well as the early fault dimensions. This thesis also 

presents a primie facie case for diachronaity in polygonal fault growth driven by 

variations in sediment loading and branchline linkage complexity. Overall, this thesis 

describes and accounts for some key behaviours of incipient polygonal faults tiers. 
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1.1 Rationale 

Polygonal faults are arrays of layer-bound, normal faults that form laterally extensive 

arrays (Cartwright, 2011). Polygonal fault arrays have been found in numerous 3D 

surveys (Cartwright, 2011) from all over the world and now in outcrop (Tewksbury et 

al., 2014) (Fig. 1.1). The origins of polygonal faults are widely accepted to be non-

tectonic (Cartwright et al., 2003), and the mechanism that forms them has been widely 

debated (see section 1.2.1 for summary). The term ótierô was first ascribed to polygonal 

faults to describe the layer bound geometry of non-tectonic normal faults by 

Cartwright (1994). The term, tier, refers to a cross sectional view through a polygonal 

fault network whereby the polygonal faults are constrained to a particular sequence of 

reflections. The concept of polygonal fault tiers, although widely used, has not been 

rigorously investigated. The studies that do examine tiers examine the impact of sand 

within the tier facies and have since suggested that polygonal fault tiers may be defined 

in part, by lithological variation. Many examples have shown polygonal faults can be 

influenced by the presence of deep marine sand channels (Cartwright, 2011; Jackson 

et al., 2014; Lonergan and Cartwright, 1999; Möller et al., 2004), changes in clay 

mineralogy (Cartwright and Dewhurst, 1998; Dewhurst et al., 1999) and by transitions 

from clay to limestone (Ostanin et al., 2012). The work on the interaction between 

polygonal faults and sandstone channels is of particular interest. The work of Jackson 

et al. (2014) and Cartwright (2011) suggests that polygonal faults decouple where 

sands are present. In contrast, Cartwright and Lonergan (1999) and Möller et al. (2004) 

suggest that polygonal faults can help to not only constrain the position where channels 

form, but also aid in the erosion of the banks. A review by Cartwright (2011) takes the 

term tier a stage further by providing schematic diagrams of an idealised, complex and 

wedge shaped tier as well as suggesting a fault hierarchy.  

There are several very pronounced gaps within polygonal fault literature. To date, no 

study has explicitly considered the growth of polygonal faults, in particular the relative 

timing of when nucleation and growth occurs relative to the sediment thickness. Given 

that polygonal fault arrays are susceptible to changes in regional stress (e.g. Ostanin 

et al., 2012), local tectonic stress (e.g. Carruthers et al., 2013; Hansen et al., 2004) and 

stress generated around structures within the tier (e.g. Andresen and Huuse, 2011; 

Hansen et al., 2005; Imbert, 2009). Examination of the 
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Figure 1.1: Global map  showing the locations of polygonal fault arrays redrawn and updated from Cartwright, (2011). A and B refer to the locations of polygonal fault arrays 

studied in this thesis. The base map was produced from Ocean Data View 4, Schlitzer R., Ocean Data View, http://odv.awi.de, 2014.
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stratigraphic position of fault pattern perturbations, as suggested in Cartwright (2011), 

could provide a useful proxy for constraining nucleation position and timing. Despite 

a wide range of studies conducted on polygonal fault arrays, no study has specifically 

considered the implications of perturbations of stress on timing the evolution of 

polygonal fault tier formation or for polygonal fault growth. 

The temporo-spatial evolution of a polygonal tier, in particular the evolution of 

organisational hierarchies common within polygonal faults (see examples in Gay et 

al., 2004; Cartwright, 2011; Ostanin et al., 2012; Seebeck et al., 2015) has not been 

considered. Additionally, the wedge shaped tier as a concept is somewhat misleading, 

as the ówedge shapeô depends largely on the scale on which the tier is imaged by the 

seismic survey and the directionality of the line of section. If a line was to be drawn 

parallel to the contours of a given wedge, the pattern geometry is likely to change to 

match either the ideal or complex tier geometry depending on the complexity of the 

planform pattern. There is also no clear definition as to what constitutes an upper and 

lower tier boundary, or indeed how contiguous the fault pattern has to be. Given that 

examples of polygonal fault patterns can extend for up to 2,000,000km2 (Cartwright, 

2011), it is likely that pattern changes over the areal extent are common. The presence 

of sub-tiers within a tier was suggested by Cartwright (1994) from the polygonal fault 

arrays in the Palaeogene of the North Sea and is yet to be investigated further.  

This thesis aims to examine the evolution of fault organisation within polygonal fault 

tiers and examine the significance of local perturbation in polygonal fault patterns. 

These two aspects of polygonal fault tier development will give important clues about 

the evolution of polygonal fault tiers by constraining how much burial is needed to 

allow polygonal faults to nucleate in a sediment column, based on the relationship 

between perturbation patterns at the base of the tier and associated thickness changes 

over structures. By examining the impact that evolving mechanical conditions, such 

as changing regional stresses and diagenesis, have on tier development, this thesis will 

give important clues as to how polygonal fault hierarchies develop. 

1.2 Polygonal fault growth and evolution 

Polygonal fault arrays have been the subject of study for over twenty five years, yet 

despite this, there are still fundamental questions remaining regarding polygonal fault 
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tier formation. The proceeding section summarises the key findings of polygonal fault 

research since their first discovery through to the present day. 

1.2.1 Polygonal fault genesis mechanisms  

Polygonal fault genesis is the most widely studied and debated aspect of polygonal 

fault arrays. There are to date, six genesis mechanisms, the following sections examine 

the chronology of polygonal fault research, including their genesis mechanisms from 

first discovery to the modern day.  

1.2.1.1 First discovery to the late 90ôs 

Polygonal fault arrays have been the subject of continued study for the last twenty 

years. The first study conducted on polygonal fault arrays (then termed layer-bound 

faults) was conducted by Henriet et al., (1991, 1989) on clay tectonic features in 2D 

seismic and outcrop in the Ypresian clays of Belgium and the southern North Sea. The 

origin of the clay tectonic features was attributed to density inversion where under-

compacted and overpressured muds created a series of low amplitude folds, which in 

turn, create fractures and faults in sealing units that allow the overpressure to be 

released (Fig. 1.2). This release of overpressure and pore pressure collapse, compacts 

the previously overpressured clays. With the advent of 3D seismic data, polygonal 

faults were described in 3D seismic surveys from the North Sea (Cartwright, 1994a, 

1994b). The genesis mechanism of these polygonal fault arrays was also attributed to 

overpressure release following hydrofracturing in the Lower Miocene sediments by a 

mechanism similar to that proposed by Henriet et al. (1989, 1991). 

During the mid to late 1990s, polygonal fault genesis was attributed to volumetric 

contraction of sediments. Cartwright and Lonergan (1996) first suggested volumetric 

contraction based on radial line length restorations. These restorations showed that 

line balancing techniques for polygonal faults suggested a laterally isotropic strain. 

Cartwright and Lonergan, (1996) suggest that as polygonal fault arrays in the Lower 

Miocene of the North Sea are so pervasive, the mechanism to form them is internal, 

governed by pore fluid pressure increases or tensile stresses generated by pore 
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Figure 1.2: From Cartwright et al. (2003) a simplified sketch of the evolutionary diagram from Henriet 

et al. (1989). Stage I describes the deposition of clays, Stage II describes the sealing and pressure build-

up. Stage III marks the onset of density inversion under loading. The final stage (Stage IV) overpressure 

is released by hydrofracturing and compaction of the clays.
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pressure loss. Importantly, the conditions for polygonal faulting were not considered 

to be the result of far-field tectonic stress. Later work by Cartwright and Dewhurst, 

(1998) reviewed 28 examples of polygonal fault arrays using 2D and 3D seismic data. 

Cartwright and Dewhurst (1998) found that all polygonal fault arrays are found within 

ultra-fine to fine grained marine sediment sequences, rich in clay, with low porosity 

and high permeability. Further to this, Cartwright and Dewhurst (1998) conclude that 

type locations of North Sea, UK and Eromanga Basin, Australia, develop through a 

process of bed-length contraction termed syneresis (Fig. 1.3). Syneresis was the focus 

of a study by Dewhurst et al. (1999), who used both seismic and well data to reconcile 

the micro-scale variation in clay facies with the seismic expression of polygonal faults. 

Dewhurst et al. (1998) showed that the polygonal fault arrays in the North Sea are 

hosted within a smectite-rich sequence of rocks. Dewhurst et al. (1999) noted that high 

smectite percentages (>60%) and large proportion of fine grain sizes (80% at <2ɛm), 

were coincident with regions of high strain in a polygonal fault tier. 

1.2.1.2 Polygonal fault genesis 2000 to 2010 

The polygonal fault genesis debate intensified during the early 2000s. A study by 

Watterson et al. (2000) studied a polygonal fault tier in an onshore survey in the Lake 

Hope region of Australia. Watterson et al. (2000) noted two important features in the 

survey; the presence of anticlinal folds in the hanging walls and synclinal folds in the 

footwalls of the polygonal faults cells and the low density zone at the base of the 

polygonal fault tier. The folds are contained within a fault ócellô and are asymmetrical 

with the antiforms occupying 14% of the cell space. This geometry was suggested by 

Watterson et al. (2000) to be geometrically similar to density inversion structures in 

analogues on a variety of scales. Watterson et al. (2000) concluded that this 

observation coupled with the low-density layer are more indicative of a polygonal fault 

array generated by gravitational overturning as opposed to syneresis. The findings of 

this study were the subject of debate by James (2000), who suggested that the anticlinal 

folding is more suggestive of flexure between beds on a common hanging wall 

between conjugate faults, rather than being related to diapirsim.  

The polygonal fault genesis argument was further intensified by Goulty, (2001a, 

2001b). Goulty (2001b) suggested that syneresis was not needed to explain genesis of 

polygonal fault arrays. The intrinsic mechanical properties of polygonal fault hosting 

lithologies is conducive to compaction failure as the fine-grained rocks and sediments 
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have exceptionally low coefficient of friction. Goulty (2001a) summarises the early 

work of Cartwright and Dewhurst (1998) Dewhurst et al. (1999) and Watterson et al. 

(2000) and suggests that both density inversion and syneresis need not be invoked to 

explain polygonal faulting. Goulty (2001a) suggests that polygonal faulting can be 

explained using 1D consolidation and soil mechanics. Goulty (2001b) builds upon this 

and suggests a theoretical model using the Eocene London Clay as proxy to the Lower 

Tertiary units of the North Sea. Goulty (2001b) demonstrates that the London Clay 

has a low angle of shearing resistance (ű = <8°) and low residual shear resistance (µr 

= 0.14). Goulty (2001b) infers that sediments on a level surface, undergoing pure 

vertical compaction, with no horizontal strain (K0) can reach the Mohr-Coulomb 

failure envelope and produce shear failure due to their intrinsically low mechanical 

strength. Goulty (2001a, 2001b) did however concede that the mechanism only 

applied once fractures had developed. A review of polygonal fault genesis 

mechanisms by Cartwright et al. (2003) summarised the merits and caveats of all the 

leading polygonal fault genesis mechanisms including gravity sliding, density 

inversion, syneresis and gravitational loading. Cartwright et al. (2003) concluded that 

despite the differences between each mechanism, there were emerging themes of early 

development, compaction and pore fluid expulsion. 

Two separate studies by Hibsch et al., (2003) and Hansen et al., (2004) demonstrated 

that polygonal faults could be hosted within chalks as well as within clays. Hibsch et 

al. (2003) reviewed a number of intra-formational structures within chalks of the Paris 

Basin, France and East Anglia, UK. These structures, in addition to being found 

exclusively within the chalk, exhibit a diverse range of fault and fracture strikes. 

Hibsch et al. (2003) propose that the observed deformation may be polyphase and 

explained by changing stress orientations through time or that the deformation is from 

a single phase of polygonal fault formation, driven by syneresis. Based on the layer 

bound nature of the structures and the multi azimuthal strikes, these chalk faults were 

tentatively compared with polygonal faults. A second seismic study also described 

polygonal faults in chalks from the Eastern Canadian margin (Hansen et al., 2004). 

Hansen et al. (2004) suggest that the despite the variation in lithology between their 

study and the earlier work of Cartwright and Dewhurst (1998) and
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Figure 1.3: From Cartwright et al. (1996), a schematic diagram comparing two potential mechanisms 

to explain the deformation seen in Tertiary polygonal faults from the North Sea. Case A considers 

compaction and net extension and B compaction and contraction. As no extension is observed in the 

polygonal fault arrays of the North Sea the deformation can be accommodated by bed length 

contraction (syneresis). 
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 Dewhurst et al. (1999), the presence of polygonal faults in chalks would suggest a 

common mechanism, in this case, a mechanism of syneresis. In an attempt to reconcile 

the debate between low coefficients of friction and syneresis, Goulty and Swarbrick 

(2005) used geomechanical modelling to try to test how low coefficients of friction 

could cause polygonal faulting. Goulty and Swarbrick (2005) used the formation 

integrity test to estimate the minimum horizontal stress value and used computer-

modelled outputs from ShaleQuant, which reviews the wireline log responses, to 

estimate vertical stress from four wells in the North Sea. Goulty and Swarbrick (2005) 

were able to estimate the ratio between vertical and horizontal stress (k) and 

demonstrate that the Tertiary clays in the tested wells have low coefficients of residual 

friction (µr  = <0.13). These low coefficients of friction are thought to be indicative of 

fault development. This work was critiqued by James (2006), who argued that 

estimating horizontal minimum stress from leak-off tests creates an over-estimation 

of K0 values as leak-off tests were the result of overpressured horizons. James (2006) 

also suggests that polygonal fault growth occurs under shallow burial and so 

overpressure and pore pressure are likely to be reduced. James (2006) also critiques 

the use of K0 as the polygonal faults accommodate strain internally through 

compaction and dilation around fault tips, the system cannot be considered óat restô as 

implied in K0 conditions. Goulty and Swarbrick (2006) counter the criticisms of James 

(2006) and assert that the leak-off test method is correct. Goulty and Swarbrick (2006) 

agree that whilst polygonal fault initiation takes place at shallow depths, there was 

circumstantial evidence indicating polygonal fault activity at greater burial depths. 

Goulty and Swarbrick (2006) also point out that nucleation and development can be 

separate processes operating in the subsurface. Furthermore, the values recorded by 

Goulty and Swarbrick (2005) are representative of present day conditions that allow 

fault growth, and not initiation conditions.  

In a review by Goulty, (2008) all current polygonal fault initiation mechanisms were 

reviewed in light of prior studies (Gay et al., 2004; Hansen et al., 2004; Hibsch et al., 

2003; Wattrus et al., 2003), using syneresis or shrinkage as the initiation mechanism 

in polygonal faults. Goulty (2008) notes that whilst syneresis has been observed in a 

variety of lithofacies and water salinities, laboratory experiments of syneresis in clays, 

show that syneresis occurs in clays with very high porosities and where there 
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Figure 1.4: From Davies and Ireland, (2011), A schematic diagram summarising the mechanisms by 

which the conversion of Opal A to Opal CT can create polygonal faults. Offsets are maintained by 

differential compaction across the partially converted polygon. Unconfined cells create a series of 

digenetic lows the edges of which, act as sites for strain localisation and hence fault nucleation and 

growth.    
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is a pore fluid chemistry change from fresh to high salinity pore water. Goulty (2008) 

also suggests that syneresis is geologically instantaneous, yet fault growth continues 

for millions of years during burial, a phenomenon which is not explained by syneresis. 

Goulty (2008) also notes that a study by Pratt, (1998) infers that sub-ariel cracks can 

be caused by dewatering during strong earthquakes and that the term syneresis itself 

refers to a geometry as opposed to a single process. Finally, Goulty (2008) suggests 

that the results of previous work by Goulty and Swarbrick (2005) indicate that the 

polygonal faults studied are still presently active with continued mechanical 

compaction. Goulty (2008) concludes that low co-efficient of friction allow for 

continued fault growth and that syneresis and density inversion remain untested in 

laboratory conditions, nor has convincing evidence been provided from observational 

arguments.  

Davies et al. (2009) used 3D seismic data from the Møre and Vøring basins, offshore 

Norway to describe the interaction between polygonal faults and an opal-A (biogenic 

silica) to opal-CT (tridymite and cristobalite) transition. Davies et al. (2009) observed 

a wavelength pattern comprised of quasi-circular folds termed cells. Davies et al. 

(2009) note that peaks in cells correspond to forced fold troughs in the overburden. 

Furthermore, the troughs are often flanked by polygonal faults. Davies et al. (2009) 

infer that mechanical compaction driven by porosity loss in the diagenetic zone drives 

fault growth (Fig. 1.4).  

Shin et al., (2010) used numerical modelling to test end members of polygonal fault 

growth, deep blind faults, near surface faults and at surface faults. The models 

generated by Shin et al. (2010) were 2D, with a presumed shear plane and a laterally 

confined volume. The results suggest that for field data and the results to match, the 

effective stiffness of the sediment must be low. Mineral dissolution was proposed to 

account for low stiffness and to trigger polygonal fault growth. In addition,  sediment 

stiffness decreases in time, with increased dissolution, so polygonal faults nucleate at 

different times within a single tier, with faults accumulating strains whilst others are 

only just nucleating.  

1.2.1.3 Polygonal fault genesis: 2010 to present day 

Davies and Ireland, (2011) use 3D seismic data from the Gjallar ridge, offshore 

Norway. Within the survey an Opal A/CT reaction front interacts with a polygonal 
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fault network. Two styles of interaction are described, the unconfined cells near the 

upper polygonal fault tips and the fault confined cells between the upper and lower 

fault tips. For both interaction styles Davies and Ireland (2011) propose a feedback 

loop whereby the reaction front interacts with silica rich beds, which are subsequently 

converted from opal-A to opal-CT. The opal A/CT reaction is accompanied by 

porosity loss, which drives subsidence and creates shear within the bed between the 

converted and unconverted cells on either side of the fault or fault tip. Fault 

propagation under this paradigm is thought to be preferentially upwards. 

1.2.2 The evolution of polygonal fault tiers 

1.2.2.1 Polygonal fault growth 

Traditional models of fault growth have long been considered to be through radial 

propagation (see Barnett et al., 1987). However, polygonal fault arrays have been 

suggested to form early, during shallow burial (see 1.2.1.2) and as such, some studies 

have debated the mode of growth for polygonal fault arrays. 

Cartwright (1994a) suggests that polygonal fault arrays have an early upward growth 

(see Cartwright (1994a), Figure 20 IV). Lonergan and Cartwright, (1999) suggest that 

the link between the present day configuration of a sand body within the area of study 

and the position of the polygonal fault array suggests that the polygonal faults helped 

to constrain the location of the sand body and hence were active near the seabed to 

influence depositional topography. Early growth was later inferred by Watterson et al. 

(2000) based on the skew of displacement maxima towards the base of the tier. Work 

by Stuevold et al. (2003) and Möller et al. (2004) from the Ormen Lange region of the 

Norwegian margin, paralleled observations made by Lonergan and Cartwright (1999). 

Stuevold et al. (2003) and Möller et al. (2004) showed that polygonal fault tiers 

initiated early, based on thickening packages in the polygonal fault hanging walls. A 

similar observation was made in work on the Sable Sub-basin, on the Canadian 

Atlantic margin by Hansen et al. (2004). Hansen et al. (2004) observed growth 

components within the Wyandot tier, a thin tier within Upper Cretaceous chalks that 

suggest early growth and interaction with the free surface (i.e. seabed).  

Work by Nicol et al., (2003) examines the growth of polygonal faults from the Lake 

Hope region of Australia. Nicol et al. (2003) noted a predisposition for fault 

intersections with high intersection angles of greater than 60°. Fault linkage between 

abutting segments is permitted on faults that share a mutual footwall and hanging wall 
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faults are deactivated. This effect is caused by a thickening of a mobile overpressured 

unit within the footwall of the polygonal faults and a reciprocal thinning in the hanging 

wall. 

modelling results from Shin et al., (2010) show that shallow faults have asymmetrical 

throw profiles under gravitational loading. The work of Shin et al., (2010) strongly 

indicate that the position of Dmax does not necessarily equate to the position of 

polygonal fault growth under the established radial growth paradigm. This is due to 

an enhanced Dmax position towards the upper half of the fault plane caused by 

differential sedimentation in the fault hanging wall.  

Laurent et al., (2012) examined polygonal faults from the Gjallar ridge, Norwegian 

Margin, and suggest that polygonal faults propagate radially within specific 

mechanical units. The stacking of these mechanical units generates multiple tiers of 

faults that link via dip linkage. The work by Laurent et al., (2012) was based on a 

program that automatically picks all reflections within a specific volume. The throw 

data are then extracted from a coherency cube. In the coherency data the faults are 

represented as stepped discontinuities. From these Laurent et al. (2012) interpret a 

series of stepped relays to indicate dip linkage. However, as the fault geometry and 

throw values are extracted from coherency attribute, Laurent et al., (2012) do not 

consider the potential artefacts that arise from the generation of a coherency cube, 

notably the width of the pick window from which the coherency is calculated 

(Bahorich and Farmer, 1995). As no seismic data are clearly presented, nor is there a 

depth or TWT throw-depth plot presented, the throw data generated can equally be 

interpreted as artefacts from the generation of coherency cube.  

1.2.2.2 Organisation of faults within tiers 

Whilst there are numerous studies documenting polygonal fault geometry and 

lithological variability, there is a paucity of data on how polygonal faults are organised 

within a single tier. The early work of Cartwright, (1994b) noted that there were likely 

to be smaller ósub-tiersô of polygonal faults contained within a single polygonal fault 

tier. This is based on the cross cutting relationships observed between polygonal faults 

at different stratigraphic levels. Lonergan et al. (1998) in their appraisal of polygonal 

fault geometry and intersections noted a space-filling effect with smaller polygonal 

faults abutting and truncating against larger polygonal faults within individual layers. 

Most recently Cartwright, (2011) described the term ómasterô polygonal faults, which 
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describe the largest polygonal faults within a given tier and denote the upper and lower 

tier boundaries. Subsequently many studies have described an ordered system of 

polygonal fault height (Gay et al., 2004; Laurent et al., 2012; Ostanin et al., 2012; 

Seebeck et al., 2015). The origin and significance of changing fault size, whilst widely 

observed, has yet to be fully described or explained.  

1.2.2.3 Mechanical stratigraphy and polygonal faults 

Mechanical stratigraphy, as defined in a recent review by Laubach et al. (2009) is the 

sub-division of rock units according to mechanical properties or by the response of 

rock units to an applied force. This section specifically examines the impact of 

mechanical stratigraphy on faulting, the impact of mechanical stratigraphy on 

fracturing is beyond the purview of this study.  

Mechanical stratigraphy has been shown to have significant implications for scaling 

(Gross et al., 1997; Wilkins and Gross, 2002), linkage geometry (Soliva and 

Benedicto, 2005),fault zone deformation (Ferrill and Morris, 2008) and distribution of 

faults within a particular rock unit (Morris et al., 2009). Moreover, the kinematics of 

fault propagation is also impacted by mechanical stratigraphy by blocking fault tips 

(Jackson et al., 2014; Rippon, 1984; Roche et al., 2012; Soliva and Benedicto, 2005; 

Wilkins and Gross, 2002). Mechanical stratigraphy is considered here to cover a wide 

range of conditions such as where there are bulk facies changes (e.g. shales to sands), 

or as a function of time where evolving diagenetic conditions alter the mechanical 

properties through cementation or through flux in geopressure (i.e. overpressure).  

Mechanical stratigraphy as a function of changing lithology has been widely described 

around polygonal faults, in particular, in and around deep marine sand bodies. 

Lonergan and Cartwright (1999) first described the influence of polygonal faults on a 

deep-water sandstone reservoir in the UK sector of the northern North Sea (Fig. 1.5). 

This study showed that polygonal fault patterns can define and delineate the margins 

of a deep marine channel where polygonal fault densities decrease. Moreover, 

Lonergan and Cartwright (1999) also noted that few faults from the Eocene-Oligocene 

propagate through the sand body and that faults in a new tier above the channel aligned 

orthogonally to the margins of the channel. This indicated that the presence of a sand 

body precluded the presence of polygonal faults in the immediate vicinity. In contrast, 

work by Möller et al. (2004) and Stuevold et al. (2003) on the Ormen Lange dome 

showed that some polygonal faults were active during the deposition of the Palaeocene 
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Egga unit and were accommodating small growth packages in their hanging walls. 

This would suggest that the presence of sands is not a restricting feature on polygonal 

growth, provided polygonal faults reach the seabed.  

Analogue modelling by Victor and Moretti, (2006) examined the controls of a sand 

body on a developing polygonal fault array. Victor and Moretti (2006) used a silicon 

based substrate over which a mixture of sand and corundum powder was placed. The 

channel was configured in both straight and meandering geometries and was filled 

with corundum powder. The entire array was then tilted between 0° and 5°. The results 

of this study showed that the presence of a channel does impact a developing 

polygonal fault array in that the contrast between channel and substrate is the locus 

for channel bounding faults. In addition the extension of the array due to gravity also 

created channel boudinage, formed by extensional channel-perpendicular faults that 

compartmentalise the channel geometry. Although the results obtained by Victor and 

Moretti (2006) widely matched the geometries described by Lonergan and Cartwright 

(1999), the method of the Victor and Moretti (2006) experiment did not represent 

polygonal fault genesis mechanisms. The experiment examined the effect of fault 

growth under gravitational instabilities and is more akin to salt roller deformation than 

1D consolidation/dewatering of polygonal faults. Therefore the impact of the 

polygonal fault genesis mechanism where no or limited extension is implied 

(Cartwright and Lonergan, 1996) remains unquantified. 

More recently a review by Cartwright (2011) re-examined the impact of sandstone 

bodies and showed an example of a polygonal fault array (Fig 14C in Cartwright, 

2011), grading laterally into a channel, demarcated by a change in polygonal fault 

pattern. The study also showed how polygonal faults become decoupled in the 

presence of sands forming two sub-tiers where in the immediate vicinity of a sand 

body, and laterally re-coupled where the sand body was not present. The impact of 

mechanical stratigraphy arising from sand bodies was suggested to be controlled by 

the stratigraphic position and relative thickness of the sand body. These results were 

largely reiterated in a recent example by Jackson et al. (2014), which showed the 

decoupling of a polygonal fault tier from the Måløy slope, Norwegian Margin. Using 

well data, cores and two 3D seismic data cubes, Jackson et al. (2014) describe three 

fault families. The smallest is contained in reflections below the sand unit (Type 1), 

an intermediate fault family, present above the sand unit (Type 2) and the largest fault 
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family is present in the regions where the sand body pinches out (Type 3) (Fig. 1.5). 

From this, the study by Jackson et al. (2014) concludes with a summary of the utility 

of these sandstone/polygonal fault interactions in finding deep-water sand reservoirs.  

These are specific examples where fault propagation and geometry are actively 

influenced by the presence of sands within otherwise fine-grained successions. One of 

the key observations that can be drawn from the work of Lonergan and Cartwright, 

(1999); Stuevold et al. (2003); Möller et al. (2004); Victor and Moretti, (2006); 

Cartwright, (2011) and Jackson et al., (2014) is that the impact of a sand body is 

dependent on the timing of fault propagation relative to the deposition of the sand 

body. In the examples described by Lonergan and Cartwright, (1999), Stuevold et al. 

(2003) and Möller et al. (2004), the timing of fault growth is suggested to precede or 

is synchronous with the deposition of the sand body, for at least some of the faults in 

the array, resulting in a re-organised polygonal fault geometry as outlined by the 

models of Victor and Moretti (2006) and observations by Cartwright (2011). However, 

in the examples from Jackson et al. (2014), polygonal fault growth is inferred to post-

date deposition of the sands and results in a decoupling of the polygonal fault tier in 

the vicinity of the array. This highlights the importance firstly, of timing polygonal 

fault growth and secondly, demonstrates the potential for a temporal control on 

mechanical stratigraphy associated with bulk facies changes. 

Another aspect of mechanical stratigraphy, as suggested by Laubach et al. (2009), is 

impact of changing diagenetic conditions through time. In the context of polygonal 

faults, this is perhaps best viewed in the context of the interaction between silica 

diagenesis and polygonal fault arrays. As previously described in section 1.2.1.2 and 

section 1.2.1.3, the silica diagenesis, particularly the conversion of opal-A (Biogeneic 

silica) to opal-CT (cristobalite/tridymite) has been suggested as a causative 

mechanism for polygonal faulting by either differential compaction (Davies et al., 

2009) or thermally triggered compaction of siliceous sediments (Davies and Ireland, 

2011). In addition to these studies that focus on initiation, a 
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Figure 1.3: A (From Lonergan and Cartwright, 1999) A schematic evolutionary diagram illustrating the impact on polygonal fault geometry where sand deposition and polygonal 

fault growth are synchronous. (B) From Jackson et al., (2015) A schematic evolution detailing the impact of a sand body on polygonal fault growth during burial.  

A. B. 
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study by Neagu et al., (2010) measured the strains generated from diagenetic 

compaction. Neagu et al. (2010) studied the apparent flattening of polygonal fault 

planes below an Opal A/CT boundary on the Gjallar Ridge and Ormen Lange dome, 

on the Norwegian Margin. In addition to the reduction in dip at the Opal A/CT 

boundary, the study by Neagu et al. (2010) also discovered a systematic reduction in 

throw at the Opal A/CT boundary. An estimate of vertical compaction strain was 

calculated from the change in angle of the fault planes and compared with observed 

compaction from nearby well data. This study concluded that the fault planes have 

been compacted and flattened by the vertical compaction of siliceous sediments, 

precipitated by an Opal A/CT reaction front. This mechanism for fault plane 

compaction relies heavily on the fault planes being present prior to the development 

of an Opal A/CT reaction front. Whilst it is likely that the fault planes have been 

compacted below the Opal A/CT, the widely observed restriction in throw at the 

reaction front also indicates a mechanical behaviour. Data collected from an onshore 

example of an Opal A/CT boundary by Ishii et al. (2011), suggests that the Opal A/CT 

reaction front is stronger than both the Opal A and Opal CT rich intervals, due to the 

presence of both mineral phases within the reaction front. This increased strength 

could account for the restriction of throw at the reaction front observed by Neagu et al 

(2010). These examples summarise the effects of changing diagenetic conditions to 

create polygonal faults (Davies et al., 2009; Davies and Ireland, 2011) and to modify 

existing polygonal fault geometries and characteristics (Neagu et al., 2010, Ishii et al., 

2011). 

Another potentially important control on mechanical stratigraphy is the development 

of overpressure. Overpressure has been linked to polygonal fault genesis (see 1.2.1.2), 

however this interpretation has been the subject of some debate (James et al., 2000; 

Cartwright et al., 2003; Goulty, 2008). A study by Bolton et al., (1998), highlighted 

the importance of timing overpressures and permeability evolution, particularly in 

sediments undergoing shear stress. Using physical testing of an artificial clay sample 

(80% Kaolinite and 20% fine sand, mixed with distilled water), the tests defined by 

Bolton et al. (1998) examined the evolution of porosity and permeability during 

uniaxial compression and overpressure. The testing revealed that the stress history of 

a sample plays a crucial role in not only governing the hydrological characteristics of 

a clay rich sediment but also on the style of deformation. In sediments that are initially 
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consolidated and then subject to increased fluid pressures form mode I fractures within 

brittle shear zones, whereas sediments that are under-consolidated deform through 

volume loss. The timing of polygonal fault growth and propagation relative to the 

generation of overpressure could be important to constraining not only genesis but 

also the process by which basal polygonal fault tips are retarded. A review of 

overpressure mechanisms by Osborne and Swarbrick, (1997) highlights many 

processes by which overpressure is generated, such as increasing compressive stress 

(through tectonics or disequilibirium compaction), increasing fluid volume change 

(Hydrocarbon generation, thermal expansion and diagenesis) and fluid movement (via 

processes such as buoyancy, osmosis and hydraulic head), are unlikely to apply 

ubiquitously in very shallow diagenetic settings at the regional scale (104 ï 106 km2 ) 

that polygonal faults can cover. This study is important as it highlights that many of 

the mechanisms that have been proposed have a requirement for some burial and 

degree of influence from the local geothermal gradients. This highlights that there is a 

potential disconnect between the influence of overpressure (i.e. Nicol et al., 2003; 

Watterson et al., 2000) and shallow initiation polygonal fault initiation (e.g. 

Cartwright et al., 2004; Wattrus et al., 2003). 

In summary, mechanical stratigraphy in polygonal fault arrays has been primarily 

focussed towards the effects of bulk grain size changes from ultra-fine clays to sands. 

It is important to note that the lateral extent of a given polygonal fault array is often 

much larger than the coarse grained facies within a particular depositional system. 

Therefore, studies on the impact of bulk grain size changes are local effects when the 

entire tier is considered. What is lacking in the literature is a review into what, if any, 

mechanical controls exist within a clay rich polygonal fault tier, and in particular how 

diagenesis in fine grained rocks and sediments can influence the position of fault tips, 

the creation of sub-tiers and the dimensions of fault families within a polygonal fault 

array. 

1.2.3 Interaction between polygonal faults and topographic features 

In a recent review, Cartwright (2011) outlined how perturbation patterns in polygonal 

fault tiers could be used to constrain the nucleation position of polygonal faults. 

Cartwright (2011) proposed that in surveys where features such as turbidite channels 

occur near the base of the tier, then the presence/absence of a corresponding 
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perturbation pattern could indicate the nucleation position, either within a perturbed 

state of stress or away from a perturbed state of stress.  

Perturbation patterns in joints and faults are characterised by deviations in orientation 

from a óbackground stateô to coincide with the stress field generated by a nearby 

structure or feature. This observation for joints has been widely documented, 

especially around faults (Dyer, 1988; Rawnsley et al, 1992; Rives et al, 1992). These 

perturbations are heavily dependent on the relative timing of joint formation and the 

fault activity (Peacock, 2001). Faults themselves can be regionally perturbed by crestal 

architecture of sub-surface features such as salt diapirs (Rowan et al, 1999; Davison 

et al, 2000; and Stewart 2006).  

Perturbation of polygonal faults has also been described around a number of features 

including turbidite channels (Lonergan and Cartwright, 1999, see 1.2.2.3), tectonic 

faults (Hansen et al., 2004), hydrothermal mounds (Hansen et al., 2005 see Chapter 

5), pockmarks (Imbert, 2009; Andresen and Huuse, 2011; Ho et al., 2013) and salt 

diapirs (Davison et al., 2000; Stewart, 2006; Carruthers et al., 2013). This section 

offers a short review of the key attributes of two previously used features that are 

associated with perturbed polygonal fault patterns, pockmarks and hydrothermal 

vents.  

1.2.3.1 Pockmarks 

A pockmark is defined as concave depression (King and MacLean, 1970). Pockmarks 

are sites of focussed fluid expulsion which create craters and depressions within the 

sea or lake bottom (Hovland et al., 2010, 2002). Fluid expulsion events are not 

confined to a single phase as pockmarks can reactivate rapidly even after lengthy 

periods of dormancy (Moss et al., 2012). Pockmarks have a variety of shapes and sizes 

as defined in Hovland et al (2002). 

- Unit pockmarks: small scale 1-10m across and 0.5m deep 

- óNormalô pockmarks: 10m to 700m in diameter and 1m to 45m deep 

- Elongate pockmarks: One axis is longer than its other axis, often found near 

slopes and offshore current influenced areas 

- óEyedô pockmarks: A pock mark with a central high amplitude artefact caused 

by coarser grained material, biological activity/debris or carbonates 

- Pockmark óstrings:ô Small unit pockmarks arranged in a curvilinear array 
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- Complex pockmarks: Amalgamation of several pockmarks or highly clustered 

normal pockmarks 

Pockmarks have been widely described in a number of geological settings, have been 

found in association with gas seepage for hydrocarbon reservoirs (Cole et al., 2000; 

Judd et al., 1994; Rise et al., 1999) and can indicate a breaching of hydrocarbon sealing 

lithologies (Cartwright et al., 2007). Pockmarks have also been found in association 

with mixing of differing salinity water columns (Bussmann and Suess, 1998), 

earthquake seismicity (Hasiotis et al., 1996; Soter, 1999), fault lines (Gay et al., 2004) 

buried submarine channels (Gay et al., 2006a, 2006b) and sediment slumps (Pilcher 

and Argent, 2007). Pockmark dimensions are variable, internal dips are low between 

6° - 18° (Fader, 1991) and pockmark widths can vary from a few metres to a few 

hundred metres across (Hovland et al., 2002). Pockmarks generally have a life span 

proportional with their size, unit pockmarks are thought to last a few decades before 

drifting sediments along the sea floor infill them, whereas normal pockmarks are 

thought to have a life span of a few thousand years (Hovland et al., 2010). In areas 

where sedimentation rates are much higher, pockmarks may be filled in much more 

rapidly (ּףifּפi et al., 2003).  

Perturbations of polygonal faults have been previously documented around 

pockmarks (Imbert, 2009; Andresen and Huuse, 2011) (Fig. 1.6). Imbert (2009) 

reviewed subsurface sediment remobilization structures and classified them based on 

how they interact with fluids expelled during compaction. Imbert (2009) describes the 

top of a polygonal fault tier. The observations are focussed near to a salt diapir, where 

pockmarks are partially enclosed by polygonal faults.  

Andresen and Huuse, (2011) conducted a study in the Lower Congo basin and 

examined the relative timing of fluid expulsion. Analysis of coherency slices revealed 

a concentric pattern of faults around circular depressions. These depressions were 

found to be stacks of pockmarks in close association with polygonal faults systems 

(PFS) in the upper sections of their survey. The key observation made by Andresen 

and Huuse (2011) was that the stacked pockmarks are completely contained by 

polygonal fault cells. Andresen and Huuse (2011) conclude that the polygonal faults 

postdate the pockmarks. The concentric pattern of faults observed in 
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B. A. 

Figure 1.4: (A) From Andresen and Huuse, (2011). A coherence slice showing the perturbation of polygonal faults by palaeo- pockmarks and salt diapirs. (B) From Hansen et al. 

(2005) a coherency slice within the Oligocene from the Gjallar ridge showing the perturbation of polygonal faults around mud pillows. 
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coherency was attributed to differential compaction across the pockmark causing 

subtle stress perturbations that influenced the developing polygonal faults.  

Both the work by Imbert (2009) and Andresen and Huuse (2011) demonstrate that 

polygonal faults and pockmarks are passively influenced by each other, in instances 

with pockmarks above (Imbert, 2009) and within a tier (Andresen and Huuse, 2011). 

The influence of pockmark at the base of tier has yet to be fully described and 

represents an ideal case study to examine the nucleation position in polygonal fault 

tiers. 

1.2.3.2 Hydrothermal vents 

A hydrothermal vent or hydrothermal mound is a dome or crater-like structure that is 

typically found in close association with a nearby sill or sill complex (Bell and 

Butcher, 2002; Jamtveit et al., 2004; Planke et al., 2005; Svensen et al., 2006). Mounds 

form in response to the high pressures generated by super-heated fluids from the 

contact aureole of a sill or dyke. The rapid venting of these fluids forms an initial crater 

and emplaces fluidized sediments from the conduit walls (Jamtveit et al., 2004). 

Hydrothermal vents have been widely recognized in seismic data (Bell and Butcher, 

2002; Davies et al., 2002; Hansen et al., 2005; Planke et al., 2005; Hansen, 2006; 

Rollet et al., 2012; Grove, 2012; Zhao et al., 2014; Magee et al., 2014) and in field 

outcrops (Svensen et al., 2006; Moreau et al., 2012).  

Hydrothermal vent dimensions are large, between 0.5 km and 3.5 km wide, up to 640 

m high and have flank dips ranging from 5° to 26° (see Hansen, 2006 and references 

therein). Vent composition is also highly variable with some seismic studies, field 

studies and core data suggesting a largely sedimentary component of vent fill ranging 

from muds, sands, pelagic oozes and methanogenic carbonates (Svensen et al., 2003; 

Jamtveit et al., 2004; Hansen et al., 2005; Hansen, 2006; Svensen et al., 2006; Moreau 

et al., 2012). Other studies have postulated a volcanic/igneous source based on core 

and seismic data (Bell and Butcher, 2002; Davies et al., 2002; Grove, 2012; Rollet et 

al., 2012; Zhao et al., 2014).  

Hydrothermal venting is thought to be a contributor to global changes in the Permian 

associated with the formation of the Siberian Traps and numerous breccia pipes, 

enabled greenhouse gases to escape (Svensen et al., 2009). Similar observations have 

been made to explain the Early Jurassic extinction events, associated with the 
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formation of the Karoo Large Igneous Province (Svensen et al., 2007) and the IETM 

(Initial Eocene Thermal Maximum) with igneous activity (including flood basalts and 

sill emplacement, see Chapter 6) during Late Palaeocene in the Vøring and Møre 

basins (Svensen et al., 2004).  

Hydrothermal vents have more recently been used to demonstrate the fluid migration 

pathways up normal fault planes by examining the spatial link between vent 

occurrences along a normal fault (Magee et al., 2015). In addition, hydrothermal vents 

have been used to help infer the timing between vents and polygonal faults based on 

the presence of perturbed (radial) polygonal fault patterns in the immediate vicinity of 

the vent (Hansen et al., 2005).  

1.2.3.3 Further work on the perturbation of polygonal fault arrays by topographic 

features. 

From the preceding review of perturbation patterns and two commonly used 

topographic features (pockmarks and hydrothermal vents), there is a primie facie case 

for using these structures to examine and define the nucleation position of polygonal 

faults within a tier, consistent with the methodology suggested by Cartwright (2011). 

Present research is limited to anecdotal observations (Hansen et al., 2005) or studies 

that are within the middle (Andresen and Huuse, 2011) or top of the tier (Imbert, 

2009). A detailed review of topographic features at the base of tier and any associated 

perturbation patterns, could clarify where polygonal faults nucleated in the tier and 

potentially explicate when polygonal faults nucleate e.g., during shallow or deep 

burial? 

1.3 Aims of the thesis 

From the preceding review, polygonal fault geometry, sedimentology and initiation 

are widely documented from a variety of depositional and tectonic settings, however 

there is at present, very little constraint as to the timing of polygonal fault growth 

(during shallow or deep burial), spatial setting of polygonal fault initiation and growth, 

and how faults are organised within polygonal fault tiers.  

There are three concepts that this study will address, 

- Can the interaction between polygonal faults and bathymetric features at the 

base of a polygonal fault tier be an indicator for early initiation? 
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- How do polygonal fault arrays grow? Is growth radial or is growth 

asymmetrically skewed in a particular direction (i.e. upwards)?  

- How are polygonal faults organised within a tier? Are all faults the same or 

does length height or throw vary? What controls the variation and when does 

the variation begin?  

This study aims to examine, compare and contrast two polygonal fault arrays from 

passive margins. One survey is located in the Møre/Vøring Basin, Norwegian Margin 

and another is from the Lower Congo basin, offshore Angola. These two case study 

regions were selected as the tiers in the study area are both wedge shaped tiers, both 

have features at the base of the polygonal fault tier (pockmarks, Lower Congo Basin 

and hydrothermal vent complexes, Norwegian Margin). In addition, there are 

differences in the sediment thickness and ages of the polygonal fault hosting 

sequences. The Norwegian Margin tier is much thicker (up to 1km thick) and contains 

sediments of Eocene to Miocene age (see chapter 7), whereas the tier in the Lower 

Congo Basin is much thinner (up to 400m) and has sediments of Plio-Pleistocene age. 

These two tiers enable comparative analysis of both shallow (young) and deeply 

buried (mature) polygonal fault arrays. 

1.4 Thesis structure 

A brief overview of Chapters 2 to 8 is summarised here: 

- Chapter 2: Methods 

The methods section describes the processes of data acquisition, case study 

selection, horizon picking, fault interpretation and fault measurement. 

 Chapter 3: Regional Geology 

This section introduces the basin scale tectonic and stratigraphic setting of each 

of the studied areas. 

- Chapter 4: The controls on the development of Master polygonal faults within 

a single polygonal fault tier, Norwegian Margin.  

This chapter examines the organisation of faults within a well-developed thick tier 

of polygonal faults and describes the temporal and spatial evolution of the Master 

polygonal faults. 
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- Chapter 5: Polygonal faults in a wedge shaped tier, Lower Congo Basin 

This chapter describes the impact of evolving sedimentary load on the 

organisation of polygonal faults and how these observations relate to the temporal 

and spatial evolution of the polygonal fault array. 

- 
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2.1 Introduction  

This study relies on the identification and mapping of polygonal faults within a number 

of 3D seismic data cubes. This section outlines the acquisition and processing of 

seismic data and in particular examines how the processing of this data impacts the 

quality of data. The second part of this chapter will examine the methods used to 

interrogate the data and the limitations of the methods used in the data chapters. 

2.2  3D Seismic data 

This thesis utilises 3D time migrated seismic data. Seismic data has been increasingly 

used in geological exploration as it offers a previously unprecedented view into the 

structure of the Earth (see Cartwright and Huuse, 2005 for review). However, seismic 

data is not a perfect expression of the subsurface and is subject to a number of 

limitations that are intrinsically linked to the acquisition and processing of the raw 

seismic signal. Therefore, when using seismic data it is crucial to understand the data 

acquisition in order to gain a better understanding of the limitations of the dataset. 

2.2.1 Data acquisition 

Seismic data can be acquired on both terrestrial and marine environments. As the 

datasets used in this thesis are marine surveys only marine acquisition techniques are 

described further. Seismic data acquisition is the input of a high-energy pulse into the 

subsurface and the detection and analysis of the reflected response from the 

subsurface. In marine surveys the source of the survey is variable and can range from 

devices that inject bubbles of air (air gun) or water (water gun) into the water column 

to devices that use electricity to emit high frequency low energy acoustic pulses into 

the water column. Generally, sources that use lower frequencies have better surface 

penetration but lower resolution. The marine surveys often deploy a variety of airguns 

of differing capacities in an array towed behind a survey vessel(s). These airguns are 

calibrated to ensure a wide frequency spectrum, to achieve an impulsive (and 

repeatable) input into the water column and finally to remove any unwanted artefacts 

from the source.  

The energy pulse is then detected in an array of hydrophones termed a óstreamerô 

towed behind the survey vessel. The streamer may contain several hundred 

hydrophones and extend for several kilometres behind the ship (Fig. 2.1). The 
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Figure 2.1: A schematic diagram summarising the marine acquisition process. 
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spacing of the hydrophones is carefully calibrated to eliminate any surface effects from 

the source that may interfere with the incoming seismic signal and hence boost the 

signal to noise ratio of the survey. The survey vessel will move over a given area at 

low speed (4-5 knots) (Brown, 2004) in a set pattern. Inherent variations in surface 

conditions create an acquisition footprint (see Chapter 7 for example) that indicates 

the direction of travel that the survey ship undertook during acquisition.  

2.2.2 Data processing 

The reflection of wavelets by the subsurface is not a perfect. A single impulse source 

will produce several waveforms (P-waves, S-waves, Love waves and Rayleigh 

waves). These waveforms arise from the interaction of elastic energy contained within 

wave and solid media in the subsurface. Seismic data utilises compressional waves, 

most commonly, P-waves (primary waves) as P-waves are the fastest and are the first 

recorded wave arrival (Ashcroft, 2011). The motion of P-waves through solid media 

compresses particles in the direction of travel. Thus the velocity at which a p-wave 

travels through solid media (Vp) is proportional to the incompressibility (bulk 

modulus, k) of the geological media and inversely proportional to the density (ɟ), so; 

ὠᶿ
Ὧ

”
 

Equation 2.1 

The reflection of p-waves in the subsurface is highly complex and becomes 

increasingly attenuated the further from the receiver. As a reflection travels further 

away from a source the travel time increases, this increasing travel time produces a 

curve in traces that are collected. Additionally reflection ray paths can take a 

convoluted route from source to receiver and can create false reflections, referred to 

as a multiple. There is also the additional problem of background noise. Noise may be 

the result of the ships engines, the motion of the ship through the water, waves and 

even wind can all be picked up on the hydrophones and inadvertently recorded 

(Ashcroft, 2011). These artefacts obscure the incoming signal. (Fig. 2.2) 

The processing of seismic data is designed to extract the Earthôs response to the 

acoustic impulse energy and remove unwanted artefacts to produce a clean, precise  
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Figure 2.2: Origins of noise in seismic surveys  
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reflection response that can be interpreted. The processing of data will employ a 

number of steps. The pre-processing stage formats and packages the data ready for 

processing by removing unwanted or low quality traces and also ensures all the data 

is fitted to a single datum. Pre-stack deconvolution helps sharpen the seismic signal  

The CMP processing stage is designed to stack the data by mathematically correcting 

the data to a single point in the subsurface, known as a common midpoint gather, 

(CMP). The CMP gather averages out any noise and boosts the signal, increasing the 

signal to noise ratio (SNR) (Kearey et al., 2002). This stage also corrects for dip and 

distance related artefacts (dip moveout, DMO and normal moveout, NMO) The 

processing workflow is punctuated by iterative velocity analysis throughout the 

workflow that attempts to derive the best stacking velocity after each stage of 

processing before finally stacking the traces.  

The seismic signal is sharpened further using deconvolution after stacking, before 

filters are applied to remove unwanted frequencies from each stack and boost the SNR 

ratio further. Migration is a complex process that is designed to place seismic events 

in their true position. A discussion on the merits of migration algorithms is beyond the 

scope of this chapter and readers are referred to Sheriff and Geldart, (1995) for further 

information  

2.2.3 Wavelet polarity, phase and seismic resolution  

The reflection of acoustic waves generated during the surveying interact with the 

seafloor, which are recorded as an amplitude response. The strength of the transmitted 

energy produced by a rock/sediment layer is dependent on the both the physical 

properties of the rock/sediment, such as density and also the speed at which the wave 

front is moving. Therefore acoustic impedance (AI) is defined as  

ὃὍ  ”ὺ 

Equation 2.2 

Where ɟ is density and v is p-wave velocity. In general terms the more dense a rock 

is, the higher the acoustic impedance contrast is (Kearey et al., 2002). Related to the 

acoustic impedance is the reflection coefficient (RC); 

Ὑὅ ὃὍȾὃὍ 

Equation 2.3 
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Figure 2.3: Schematic representation of the SEG (Society of Exploration Geophysicists) polarity 

convention with examples from the datasets used in this thesis. 
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Figure 2.4: Modified from Yimlaz (2001). A schematic workflow for the processing of seismic data and 

the impact each stage has on the resultant seismic data. 
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Where RC is the ratio between is the amplitude response of layer 1 (AI0) and amplitude 

response of layer 2 (AI1). The reflection coefficient is a numerical measure of the 

impact a rock interface has on reflection strength. Reflection coefficient values of ± 1 

indicate that all the wave energy is reflected. Typical values for the reflection 

coefficients of rocks are generally ±0.2 (Kearey et al., 2002). Therefore, a small 

amount of incident energy is reflected back to the surface and the majority of the 

energy transmitted into the rock. 

During processing the amplitude response of the incident reflections is calibrated on a 

colour scheme. The colour convention used in seismic data is a crucial aspect of the 

data. The SEG colour convention is assigned during processing and defines how the 

increasing acoustic impedance in the data is expressed (Fig. 2.3). There are two colour 

conventions in use, the SEG Standard (also termed American polarity), which suggests 

an increase in acoustic impedance is displayed as a coloured peak, and the SEG reverse 

(so called, European polarity) convention which shows increasing impedance as a 

negative amplitude trough (Fig. 2.3). The phase of the wavelet is also an important 

consideration, and where the crest of the waveform lies in relation to a geologic 

boundary. A zero phase wavelet (for either the American or European convention), 

the wavelet is symmetrical and the crest of the peak or trough will lie in the interface 

of the interval with a different impedance contrast. Thus the zero phase dataset is the 

most useful for the interpretation of seismic stratigraphy. The colour convention of the 

seismic data used may be corroborated using the seismic response of the seabed. 

Normally the seabed represents the transition from water to sediment which is an 

increase in acoustic impedance contrast. Given that the colour conventions are 

calibrated to an increase in acoustic impedance, the amplitude response the seabed is 

the logical place to check the colour convention used (Fig. 2.3). 

Another important consideration prior to beginning interpretation and fundamental to 

understanding and interrogating the raw seismic data set, are the resolution limits. 

Seismic resolution falls into vertical and lateral resolution. Vertical seismic resolution 

can be calculated from basic knowledge of the dominant frequency of the data. The 

wavelength of the data is given by; 

‗ ὠȾὪ 

Equation 2.4 
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Where V is equal to the interval velocity and Ὢ is frequency of the seismic wave. 

Typically beds less than one quarter of the wavelength can be resolved seismically 

(Avseth et al., 2010; Brown, 2004). However it is also important to note that vertical 

resolution is impacted by changes in interval velocity as well as the frequency of the 

wavelet which attenuate with depth resulting in a decrease of vertical resolution with 

increasing depth. Nonetheless, it is possible to image beds that are a thirtieth of the 

dominant frequency, depending on the signal to noise ratio of the data as well as the 

density and velocity characteristics of the embedded units (Brown, 2004). Horizontal 

resolution in migrated 3D seismic data, as used in this thesis, is restricted by the lateral 

sampling of the data, which equates to the bin spacing between the CMP (common 

midpoint). This spacing can typically be found in the header files for the data cube or 

measured directly from the seismic data where the pixel width (in metres) on a map 

display corresponds to the bin spacing. 

2.2.4 Geophysics of studied datasets 

Both surveys used in this thesis use time migrated 3D seismic data. Due to the 

confidential nature of the datasets, many of the SEG-Y headers are blanked so detailed 

processing workflows are unavailable. It is however, likely that surveys used followed 

a very similar workflow that was presented in Fig. 2.4. Table 2.1 summarises the key 

geophysical characteristics of each survey area.  

Table 2.1: A summary of key geophysical characteristics of each survey used in this study 

 Modgunn Arch Survey Angolan Margin Survey 

Trace sampling* 4 ms 2 ms 

Interval velocity** 1800 ms 1700 ms 

Frequency 35 Hz 80 Hz 

Lateral resolution 25 m 6.25 m 

Vertical resolution ca. 12 m ca. 4 m 

Time Migrated Yes Yes 

SEG polarity*** Standard Standard 

* See Figure 2.10 

**Interval velocity within the polygonal fault tiers studied 

*** See Figure 2.4 
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2.3 Seismic mapping  

2.3.1 Horizon picking methodology 

Prior to mapping any reflections, a detailed desk study was undertaken to understand 

the regional geology (see Chapter 3). The aim is to identify key reflections such as 

regional unconformities and previously mapped and defined formation tops. Any well 

data are then analysed and the formation tops in the well were related to the seismic 

reflection characteristics. Only one survey (Modgunn Arch) has well control. As the 

raw data files were unavailable, no synthetic seismic data could be generated. Instead, 

the data was matched to the seismic using the two formation boundaries, the Mid-

Miocene unconformity which defines the junction between the Brygge and Kai 

formations and the Plio-Pleistocene unconformity which defines junction between the 

Kai and Naust formations. Once these data were matched to the seismic, the mapping 

of reflections could proceed. 

The selection of which reflections to map and the extent to which they are mapped 

was defined on the basis of the structural and stratigraphic context. Stratigraphic 

reflections such as unconformities were regionally mapped across the entire survey 

(where possible) and were the first reflections to be mapped (Fig. 2.5). The 

unconformities are picked as negative (soft) reflections. The West African survey had 

very little information to guide the mapping process. Instead of using key stratigraphic 

markers, initial mapping was focussed on the top, middle and base of the polygonal 

fault tier, selecting the most prominent reflections. The horizons selected must also 

cover the whole extent of the survey. The next stage was to pick and define a number 

of horizons from within the polygonal fault tier (Fig. 2.5).The final step of horizon 

mapping was to locate and generate a series of smaller localised maps around isolated 

topographic features at the base of the tier such as pockmarks, channels and tectonic 

faults. 

2.3.2 ASAP picking technique 

The maps were created from an initial coarse seed grid with a line spacing of 40 lines 

x 40 lines. This initial seed grid was then used as the basis for an ASAP (Automatic 

Seismic Area Picker) algorithm to interpolate between the grid lines. The ASAP 

algorithm tracks 

 



 

37 

 

 

Figure 2.5: Schematic diagram detailing how seismic horizons are selected and mapped throughout the survey. In this example from the Modgunn Arch Survey (Chapters 4 

and 6), the first step maps seismic horizons that form the formation boundaries, in this case defined by regional unconformities. The second step creates horizons through the 

polygonal fault tier to examine pattern change. The final step (step 3) examines the impact of topographic features at the base of the polygonal fault tier. 
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Figure 2.6: A diagram showing the picking methodology used for creating the seismic TWTT map of 

the Plio-Pleistocene Unconformity from the Modgunn Arch (see Chapter 6). 

 *Refers to the ASAP picking algorithm ** Refers to the quality attribute, see text for details 
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similar events within the seismic data from seed points (the raw seismic grid) to create 

parent points (the interpolated data between the grid). There are three tracking 

techniques that have varying degrees of constraint. Simple tracking has no consistency 

checks and traces are followed from point to point (Schlumberger, 1999). Extended 

and Advanced use a 3x3 and 5x5 grid respectively to cross check both the child point 

attributes (phase, amplitude, dip etc.) against seed points, as well as against other seed 

points in the same grid (Schlumberger, 1999). The quality level parameter in the ASAP 

also adjusts the criteria the algorithm uses when comparing seed points to child points 

and ultimately defines whether a child point is selected and mapped. Higher quality 

values require a better the match between parent and seed points in terms of dip 

(expressed as gradient, s/m) and amplitude. 

This survey used an iterative ASAP methodology where the algorithm was repeatedly 

applied to same area, with the gird and ASAP output acting as a seed point for the next 

iteration. The first ASAP pass was set to an advanced (5x5 search algorithm) and a 

quality setting of 75% as it is the most rigorous. Each subsequent ASAP pass has the 

quality attribute decreased by 20% until, the final quality parameter reached 15%, 

where the search algorithm changed from advanced to extended and to simple. The 

results from each previous pass were used as the basis for next. The algorithms with 

little or no constraint or lower quality attributes are interpolating between smaller and 

smaller spaces. If the earlier passes are of sufficient quality and generate a good quality 

surface, subsequent passes with extended and simple algorithms may be skipped. In 

instances where only a few small óholesô remain that are only a few pixels (equivalent 

to seismic bins) across, then the Simple attribute may be substituted into the work flow 

at an earlier stage. These maps were quality checked using time, time dip and 

amplitude attribute maps to look for mis-picks (Fig. 2.6). Mis-ties, areas of interest, 

and low quality signal areas were re-mapped using a smaller seed grids with a line 

spacing of 20 x 20 to 10 x 10 (Fig. 2.6). Each horizon is subsequently checked for mis-

picks before a final attribute map is computed and used as the basis for structural 

analysis (see Section 2.5)  

2.4 Analytical techniques 

2.4.1 The polygonal fault problem 

Polygonal fault arrays, as discussed in Chapter 1, can have an extremely large spatial 

extent (up to 2 x 106 km2) and can be easily mapped using a variety of attribute maps. 
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The primary methods for fault detection used in this study are amplitude maps and 

time-dip maps. Amplitude maps record the amplitude response of the mapped peak or 

trough. Where the picked reflection crosses a fault, an anomalous low (or no) 

amplitude is recorded. In time, dip maps use an algorithm to calculate gradients within 

the seismic data, expressed as a two way travel time per metre (s/m).  

These attributes maps have been selected over others, such as coherency and ant 

tracking as they are easily reproduced directly from mapping reflections and not the 

data volume. This gives greater quality control on the map produced whilst still 

allowing clear imaging of faults. Coherency volumes are highly susceptible to 

producing artefacts as coherency does not image steeply dipping features in section 

well and produces artefacts that are prone to misinterpretation. These artefacts have 

been interpreted has evidence for dip linkage and evidence for high numbers of tiers 

(see Laurent et al., 2012; Seebeck et al., 2015). 

Whilst polygonal faults can be detected regionally with relative ease, the next problem 

faced is related to the large areal extent polygonal fault arrays occupy. Polygonal fault 

arrays have extremely high numbers of faults within them. For example Block 17 has 

upwards of 60,000 faults spread over 400 km2. The polygonal fault problem is thus 

that with huge numbers of faults, spread over a very large area; how can case study 

regions be defined? 

More traditional statistical analyses such as selecting faults from random number 

generation or by measurement of 1% of all faults present will leave large gaps in 

measurement coverage and óhideô meaning-full data trends within clouds of data. The 

primary problem with polygonal fault arrays is their sensitivity to nearby structures 

which locally alter fault characteristics. Equally, comparison and representation of 

some fault attributes such as orientation in rose plots, do not consider the spatial 

context, over which, the data is collected. In datasets with large fault numbers (and by 

extension, are spread over a large area), non-related trends can become mixed together 

generating false data trends, or real data trends become lost altogether in a data ócloudô.  

In this study, the approach taken was to pick areas that represent a particular behaviour 

or response from the polygonal fault array. The aim was to compare and contrast fault 

attributes with areas where the fault behaviour no longer exists. Alternatively, small 

case study areas were used to generate a ósnapshotô of fault attributes at a particular 
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interval. The selection criteria for the case study areas is in part defined by the number 

of faults present. The minimum requirement when selecting a case study area would 

be to have a statistically significant number of faults present throughout the tier, with 

15 being the minimum number used throughout the results chapters. The case study 

areas are then sized to capture the minimum number of faults. The dimensions of the 

case study areas must match within a single survey for a comparable result. The 

dimensions of the case study areas are related to the seismic resolution of the survey, 

which in turn defines how many faults are imaged. For example, the minimum case 

study sample area in the Modgunn Arch survey area, where vertical resolution is 8 m 

and lateral resolution is 12.5 m, the case study area is 64 km2. In contrast, the Offshore 

Angolan survey, which has lateral resolution of 6.25 m and vertical resolution of 3 m, 

has a minimum case study size of 1.5 km2.  

In addition to the dimensions of the case study areas, another important consideration 

is how the case study areas are distributed across a survey area. The distribution of the 

case study areas is suggested to be governed, in part, by the objectives of the study. 

For example, Chapter 5 uses the wedge shaped geometry of the Offshore Angolan tier 

to examine the effects of shallow burial on an incipient polygonal fault array. As such 

the case study areas are distributed accordingly to capture fault characteristics at 

particular depth intervals of every 50 m burial, facilitated by four case study areas 

distributed in a line across the wedge. Alternatively, in Chapter 4, which examines 

changes in fault organisation and diagenesis, two case study areas are used to elucidate 

the impact of diagenesis on a single fault tier.  

2.4.1.1 Fault displacement 

Fault separation is divided into three components, a vertical component (throw) and a 

horizontal component (heave). Dip displacement is the measurement of
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Figure 2.7: A schematic diagram showing how displacement measurements from seismic data are used 

to create throw depth (t-z) plots. T-z plots are also the basis for displacement-height plots and plots of 

tip gradients (upper and basal) 

. 
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 displacement along the fault plane. One of the major components of fault 

displacement considered through the thesis is throw mapping. Throw mapping can be 

done in one of two ways, using a throw-depth profile (t-z plot) measured perpendicular 

to the fault plane or an along strike throw profile. Both throw profiles and t-z plots are 

used to examine throw distribution within polygonal fault networks. 

These profiles can be used to examine kinematic behaviours such as blind propagation 

(Baudon and Cartwright, 2008a, 2008c; Childs et al., 2003) where faults radially 

propagate from an initial nucleation point. Throw-depth plots have also been used to 

identify areas of dip linkage where two blind fault tips propagate together in the 

subsurface (Cartwright et al., 1995; Mansfield and Cartwright, 2001, 1996; Nicol et 

al., 1996; Stuevold et al., 2003; Walsh et al., 2003). Additionally, t-z plots can be used 

to infer the kinematics of fault reactivation (Baudon and Cartwright, 2008b). In all 

these cases, the key identifying feature is the location and position of displacement 

maxima (Dmax) and minima (Dmin) (Fig. 2.7). Blind fault propagation assumes that the 

geologic media is homogenous. Heterogeneities such as lithology changes as 

described in Chapter 1 can impede displacement accumulation by restricting fault tips 

(Rippon, 1984). 

Faults used in this study were detected using amplitude and time dip attribute maps. 

For the analysis of faults both t-z plots and throw profiles are used in this study. The 

measurement of t-z plots is done by taking a line of section at 90° to the fault trace. 

Throw values were measured in TWT direct from the seismic data and were obtained 

by measuring the vertical distance from the footwall to hanging wall cut-offs (Fig. 

2.8). The throw values were depth converted using the interval velocities for that 

dataset (Table 2.1). For t-z plots this was done at the displacement maxima (Dmax) 

position. For the construction of throw profiles multiple t-z profiles are measured 

across a fault trace and then contoured using the Surfer 14 program using the built-in 

kriging correlation algorithm.  

The accuracy of throw measurement is equal to the trace sampling interval of the data 

(Baudon and Cartwright, 2008a). The trace sampling limit may be measured directly 

from the seismic data at a high level zoom and measuring the distance between sample 

points, defined by changes in the gradient of the wavelet trace (Fig. 2.9)
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.  

Figure 2.8: A schematic diagram of different aspects of displacement measurement for faults with and 

without drag folding and a seismic example showing the variability of displacement styles that can be 

exhibited by a single polygonal fault. 
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Figure 2.9: A high level zoom view of the seismic data from the Angolan Margin survey showing how 

trace sampling limit can be measured from seismic data. The trace sampling can measured by firstly 

identifying the sample points, evidenced by changing gradients in the wavelet trace. Measuring between 

the sample points of the wavelet trace gives the sample limit in TWT. The trace sampling limit defines 

the lower limit of offset that can be measured from the seismic data. 
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The trace sampling limit also defines the minimum throw values that can be recorded 

for the data. Trace sampling limits and interval velocities are recorded in Table 2.1. 

Further sources of error arise from the presence of drag fold and differential 

compaction across the fault (Walsh and Watterson, 1988; Mansfield and Cartwright, 

1996; Cartwright et al., 1998). Differential compaction and drag folding are unlikely 

to be a source of error for t-z plots from the Angolan Margin as throws are very low 

(<20 ms, 18 ms). However, the throws recorded from the Norwegian Margin are much 

higher (up to 80 ms, 72 m) and drag folding can clearly be seen along some faults. 

Where there is significant drag folding, the estimated position of the hanging wall cut-

off is projected onto the fault plane to omit the drag folding (Fig. 2.8).   

2.4.1.2 Fault tips and Fault tip gradients 

Fault tips are regions of a fault that are highly susceptible to mechanical restriction 

(McGrath and Davison, 1995; Wilkins and Gross, 2002; Soliva and Benedicto, 2005; 

Morris et al., 2009; Roche et al., 2012) and interaction with other faults (Peacock and 

Sanderson, 1991; Cartwright et al., 1995; Dawers and Anders, 1995; Mansfield and 

Cartwright, 1996; Kristensen et al., 2008; Stuevold et al., 2003; Soliva and Benedicto, 

2004; Fossen et al., 2010), in the case of lateral tips. In this study, fault tips, 

particularly basal and upper fault tip gradients are used in infer changes in mechanical 

stratigraphy that could explain how tier boundaries form. This method builds on the 

work of Baudon and Cartwright, (2008b), Wilkins and Gross, (2012) and Roche et al. 

(2012) to infer both the mode of tip propagation (blind or syn-sedimentary) and the 

presence or absence of mechanical boundaries that could restrict fault growth. 

Detection of fault tips in this study was conducted using a calibrated time-dip map, 

where the steepest values of time-dip have a particular colour attributed to them. This 

allows for the differentiation between gently folded sections of the fault tip (fault 

propagation folding) and the fault plane, which shows a seismically resolvable offset. 

Colour coded time tip maps can be used to quickly assess regions of a fault with and 

without offset. This is a powerful tool which helped define the seismic response of a 

fault plane and fault propagation folding. These colour coded time dip maps were used 

to differentiate between fault tip monoclines and fault planes. This is a crucial aspect 

of defining polygonal fault geometry as ascertaining where the limit polygonal fault 

propagation, of both upper and lower tips is located, defines the hallmark, layer-bound 
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geometry of polygonal faults. In addition to colour coded time dip maps, fault tip folds 

are defined by their geometry in seismic data, A full review of tip-line folds is beyond 

the scope of this study, however for a review of physical, natural and seismic examples 

of tip-line folds see Jackson et al. (2006). Fault tip folds were defined as gentle changes 

in gradient overlying fault tips. In seismic these are manifested as folding that operates 

over four traces or more. In contrast fault offsets usually occur over two traces. 

Moreover, as polygonal faults have a quasi-elliptical geometry, any fault propagation 

folding moves up sequence with the fault tip. These three criteria are used to 

differentiate between fault offset and fault propagation folding. 

Fault tip gradients are measured from the last seismically resolvable offset (see 

2.5.1.1) to the last point at which the fault tip can be imaged. The gradient is therefore 

the ratio between the last throw value and the distance to end of the fault. Fault tip 

gradients are taken in large numbers (>50) and the presence or absence of a mechanical 

boundary is inferred, not only from the values, but also from the distribution of those 

values. Where values are widely distributed then fault tips are likely to be un-restricted 

or seismically attenuated. Alternatively, where tip gradients fall in a narrow 

distribution, then tip gradients can be used to infer a single mechanical unit or 

mechanical restriction, depending on tip position.  

2.4.1.3 Fault orientation and length 

Fault orientation was analysed using amplitude and time dip seismic attribute maps. 

The maps were generated from locally mapped intervals (see 2.3.1) and the horizons 

were analysed by hand. The measurement of rose diagrams was done by hand for two 

reasons, firstly, due to the data loading and server set-up within the 3D Seismic lab at 

Cardiff the datasets were loaded into a Schlumberger Geoframe 4.042 which does not 

have a fault analysis package and at the time these studies were undertaken, there were 

very few Petrel machines available in the lab. Secondly, after testing on a small trial 

volume in Petrel 2013, it was apparent that the data would require full fault modelling 

to generate the plots. Given that a small case study area in the Offshore Angolan 

survey had upwards of 200+ faults within an area of 4 km2 it was.
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Figure 2.10: Summary of the three criteria for used to identify and differentiate between fault 

propagation folding and true fault offset. !. Colour coded time dip maps where high seismic gradients 

are assigned a distinct colour value. Generally the steepest section refer to fault offsets whereas lower 

gradients can indicate tip-line folds. 2. Imaging the changing position of fault propagation folds .3. 

Differentiating between offset and propagation folding by examining the number of traces that have 

been deformed. Fault propagation folds are usually imaged over four or more reflections, whereas 

offsets are imaged over two. 
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decided that due to time constraints and the complexity of branchline linkage, the hand 

method would be faster and less prone to follow mis-picks and data errors. Fault 

orientation was measured using the British right hand rule, with fault length measured 

at the same time, using the built in planimeter tool within Geoframe. Where faults 

curved the faults were analysed in section to elucidate whether the curve was the result 

of linkage or a natural curve in the data. Where the curve was the product of a single 

fault orientation was measured from tip to tip. Similarly care was taken to ensure that 

co-linear faults were not mis-interpreted as a single fault. These data were formatted 

into a data file and plotted using GEOrient structural analysis software. The rose 

diagrams are set with a petal size presenting 5° and the petal size representing the 

frequency of data that fits within that bin. Rose diagrams have been suggested to be a 

problematic and an imperfect way of representing orientation data owing to the 

arbitrary way in which bins are assigned. Alternative methods for displaying rose 

diagrams such as MARD (moving average rose diagrams) as suggested by Munro and 

Blenkinsop, (2012) may give a better representation of the data by evaluating the 

frequency of each bin and those either side of the bin. Whilst these results may be 

useful for data with a single strike, the multi-azimuthal striking nature of polygonal 

faults would give a false weighting of the data and hence impart bias into the resultant 

output.  

2.4.1.4 Fault spacing 

Polygonal fault spacing was analysed using fault frequency as a proxy for spacing. 

Fault frequency is derived from selecting an area and counting all faults wholly 

contained within that specific region. This method is derived from the methodology 

for measuring fault density from Lonergan et al., (1998), whereby fault density is 

inferred from the total fault length per km2
. The area in which the counting is done 

must be carefully selected to encapsulate statistically significant data for all measure 

horizons, with a minimum of 15 fault traces. The horizons used must also be able to 

be regionally correlated within the tier and ideally, capture changes around important 

stratigraphy boundaries, such as unconformities, diagenetic boundaries, sand intervals 

etc. 

The resultant counts are presented in a method akin to the plotting of t-z values 

whereby the t (throw) is replaced by the number of faults. This generates an indication 

of the number of faults at a given depth. Fault frequency and has been used to aid in 
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the definition of the polygonal fault tiers (Carruthers et al., 2013) and is applied in this 

study at a higher resolution to elucidate the presence of sub-tiers (Cartwright, 1994).  

Fault frequency is independent of pattern changes and is a crude proxy to the intensity 

of faulting in a particular area. There are a number of caveats to this method. The 

counting method may under represent some polygonal fault numbers where there are 

large numbers of faults on the periphery of the study area or where fault lengths exceed 

the dimensions of case study area. It can also be influenced by fault linkage where 

unlinked tips may link higher or lower in the stratigraphy, reducing fault numbers and 

giving an over estimation of fault numbers. Additionally, this measurement does not 

have a spatial component which may indicate that the study area must achieve a 

balance between capturing statistically significant data whilst ensuring that the area 

doesnôt cover too large an area where changes in intensity are lost in the background. 

2.4.2 Statistical analysis 

Statistical analyses are used in Chapter 6 to distinguish differing populations of 

features or faults. The statistical tests applied were initially to examine the normality 

of the data distribution using an Anderson-Darling test where 

ὃ ὲ
ρ

ὲ
ςὮ ρ ÌÏÇό ÌÏÇρ ό  

Equation 2.5 

The normality of the data was then used to inform the statistical correlation tests that 

were undertaken. The preferred statistical test used in this study was the Spearmanôs 

rank (or Spearmanôs rho) test.  

ὴ ρ
φВὨ
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Equation 2.6 

Where d is the change in ranking between each sample and n is the total number of 

samples. This test is a non-parametric test that examines the change in rank between 

data sets. Spearmanôs rho can be used for normal and non-normal data and is selected 

here as it is less sensitive to outliers in the data set. The p and r values give an 

indication of the closeness of the correlation and the degree of confidence respectively. 

The degree of confidence was correlated using a table of r. 
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3.1 Offshore Angola 

The Lower Congo basin is a large salt basin located on the West African margin that 

extends from offshore Cameroon to Namibia (Brownfield and Charpentier, 2006). The 

study area in Chapters 4 and 5 are located on the mid-slope position at water depths 

of between 1000 m and 1500 m.  

3.1.1 Basin Evolution 

The Lower Congo Basin is one of several sub-basins found along the West African 

Margin, that in recent years, have been the focus of much study for hydrocarbon 

prospectivity (see Brownfield and Charpentier, 2006 and Liu et al., 2008). These 

basins formed during the break up of Gondwana during the late Jurassic and early 

Cretaceous (Fig. 3.1). 

The pre-rift stratigraphy is dominated by alluvial/aeolian quartz rich sandstones of the 

Lucala Formation, deposited over Precambrian basement made of sheared and folded 

metamorphic rocks and intrusive igneous rocks (Burwood, 1999; Brownfield and 

Charpentier, 2006). 

Initially broad dates for rifting were suggested for the opening of the rift between 

South America and Africa. The rifting and final break-up of South America and Africa 

began in the South Atlantic and moved progressively northwards during the Early 

Cretaceous (Mascle and Phillips, 1972; Larson and Ladd, 1973; Guiraud and Maurin, 

1992; Uchupi, 1989; Binks and Fairhead, 1992) and was dated to the Neocomanian 

(144-127 My). Three distinct rift phases have been identified by Karner et al. (1997) 

and Karner and Driscoll (1999). The earliest rifting phase occurred during the 

Berriasian to Hautervian epoch, the second occurred during Hautervain to late 

Barremian and the latest rifting stage occurred during the late Barremian to late Aptian 

(Fig. 3.1). Each rifting phase is demarcated by a regional hinge zone with the earliest 

rifting bound by the Eastern Hinge zone and the later extension delimited by the 

Atlantic hinge zone (Karner et al., 1997; Karner and Driscoll, 1999). The hinge zones 

record the shifting of extension along the rift flanks. With the end of rifting coinciding 

the emplacement of oceanic crust (Karner et al., 1997). Each rifting phase is 

represented by a regional unconformity representing break-up and uplift along the rift 

hinge. Seismic expression of these units included divergent and rotated reflections 

within asymmetrical half grabens (Karner et al. 1997). The rifting events created a 
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Figure 3.1: (From Brownfield and Charpentier, 2006) A palaeogeographic reconstruction of evolving plate tectonic configurations during the break-up of the South Atlantic 
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Figure. 3.2 (From Monnier et al., 2014) A regional stratigraphic column of the Lower Congo Basin 



Regional Geology 

55 

 

series of deep anoxic lacustrine basins dominated by shales siltstones and marls up to 

1 km thick (Karner et al., 1997; Burwood, 1999; Brownfield and Charpentier, 2006) 

(Fig.. 3.2). Many studies ascribe the tectonic setting of Loeme formation evaporites to 

post rift thermal subsidence (Hudec and Jackson, 2002; Calassou and Moretti, 2003; 

Tari et al., 2003; Brownfield and Charpentier, 2006). The syn-rift sequence is 

interpreted by Karner et al. (2003), Karner and Gamboa (2007) as well as by Hudec 

and Jackson (2004) to also include the salt. Karner et al. (2003) and Karner and 

Gamboa, (2007) purport that hinges at the margins of the rift accommodate brittle 

upper crust and ductile lower crust extension. At the centre of the rift, there is a gradual 

transition from brittle to ductile deformation and accommodation of lithospheric 

stretching without the requirement for pervasive normal faulting. This in turn locally 

exposed the pre-salt margins and helped form a widespread, shallow restricted basin, 

in which up to 1 km of evaporites were deposited (Karner et al. 2003). Hudec and 

Jackson (2004) also infer that the salt was bound by a structurally controlled distal 

ramp, consistent with the syn-rift late hypothesis. The evaporites were not deposited 

as a single massive salt body but were segregated into several smaller sub-basins by 

the Mid Ocean Ridge and cite the evidence from magnetic anomalies, map 

reconstruction, regional stratigraphy and hydrothermally altered potash deposits 

within the salt (Hudec and Jackson, 2004).  

The post rift thermal subsidence coupled with sea level rise established shallow marine 

conditions during the Mid-Cretaceous across the West African Margin from Nigeria 

to Angola (Eichenseer et al., 1999). These shallow marine conditions are typified by 

an oolitic siliclastic barrier system between 600 m and 1200 m in thickness 

(Brownfield and Charpentier, 2006; Eichenseer et al., 1999) (Fig.. 3.2). Continued 

thermal subsidence and sea-level rise during the Mid to Late Cretaceous and 

Paleogene deposited thick accumulations of organic rich shales (Burwood, 1999; 

Coward et al., 1999; Holbourn et al., 1999; Valle et al., 2001; Broucke et al., 2004; 

Brownfield and Charpentier, 2006). The Eocene-Oligocene transition is demarcated 

by a major erosional event that records a global drop in sea-level (McGinnis et al., 

1993; Seranne, 1999). During the Oligo-Miocene there is a westwards progradation of 

a deltaic system, punctuated by sea level changes (1 ï 3 My). These changes forced 

deep incision and erosion of the Zaire River, which was subsequently deposited in the 

marine domain as a large turbiditic submarine fan (Droz et al., 1996; Lavier et al., 
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2001; Broucke et al., 2004; Gay et al., 2006) (Fig.. 3.2) These turbidites flowed into a 

deep water basin, predominately comprised of deep marine shales (up to 3000 m thick) 

and deposited stacked sequences of turbidite channels and debris flows up to 25m 

thick (Anderson et al., 2000; Valle et al., 2001; Babonneau et al., 2004; Broucke et al., 

2004; Séranne and Anka, 2005; Brownfield and Charpentier, 2006; Anka et al., 2009; 

Savoye et al., 2009). The position of the Miocene turbidite channels are strongly 

controlled by either tectonic structures such as faulted rafts (Anderson et al., 2000; 

Broucke et al., 2004) or inherent sedimentary architecture such as levees (Broucke et 

al., 2004) and canyons (Babonneau et al., 2004). Pliocene to recent submarine deposits 

are delivered to the abyssal plain the only sediment deposited is presently hemipelagic 

muds (Monnier et al., 2014).  

3.1.2 The structural evolution of the Lower Congo Basin 

The Aptian age salt of the Lower Congo basin is the primary control on structures and 

stratigraphy within the basin. There are four structural domains in the lower Congo 

Basin as summarised in Calassou and Moretti, (2003) and by Fig. 3.3 and Fig. 3.4; 

1. A 100 km wide extensional domain dominated by salt rollers and large normal 

faults. 

2. A transitional domain with vertical diapirs between 0 ï 50 km wide. 

3. A compressional domain with thrusts, reverse faults and extensive folding up 

to 200 km wide. 

4. An external domain with no evidence of faulting overlying oceanic crust and 

has Miocene to Recent age accumulations of sediment, up to 4 km thick. 

These salt structures have been the subject of much study with Angolan margin 

forming the type locality for raft tectonics (Duval et al., 1992; Lundin, 1992; 

Spathopoulos, 1996; Cramez and Jackson, 2000). Using cross-section restorations, 

Hudec and Jackson, (2004) were able to identify three distinct phases of basin 

evolution and basement deformation. The earliest phase occurred in the Aptian and 

Albian and is characterised by a differential seaward tilting of the basin that enabled 

the early seaward extension. The seaward extension established growth structures in 

both the extensional and compressional domains. This uplift was very short lived and 

ceased in the late Albian due to thinning of the salt. The second phase 
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Figure 3.3: Redrawn from Tari et al., 2003, A structural geology map of the Southern section of the 

West African margin summarising the salt tectonic regimes in the Lower Congo, Kwanza and Benguela 

basins 
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Figure 3.4: (From Fort et al 2004) Regional cross sections of the structural domains within the salt basin
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occurred in the late Cretaceous to Oligocene and uplifted the deep marine basin by 

reactivating basement structures (Karner et al., 2003; Hudec and Jackson, 2004) as 

well as creating the large monocline province (Cramez and Jackson, 2000). The final 

phase of basin evolution is Miocene to recent uplift and seaward tilt of the basin. This 

uplift began in the Mid Miocene and persists to the present day (Lundin, 1992; Hudec 

and Jackson, 2004), with evidence of sea-floor folding around some contractional 

structures (Brun and Fort, 2004). Early interpretations of the cause of Miocene uplift 

have been attributed o the formation of a large plateau region, onshore Kwanza basin 

(Lundin, 1992). Additional data from apatite fission track and analysis of regional 

biostratigraphy shows a number of hiatusô associated with the uplift of the onshore 

Precambrian craton (Jackson et al., 2005). Indeed, the uplift was shown to strongly 

affect the landward rim of the basin and thus only affected the Inner Kwanza Basin 

and onshore regions.(Hudec and Jackson, 2004; Jackson et al., 2005). Moreover the 

estimates of uplift vary spatially. Jackson et al. (2005) suggest uplifts of up to 150 m 

in the north and more than 1000 m to the south of basin.  

However more recently it has been suggested that renewed down dip migration and 

contraction of the salt (Duval et al., 1992; Hudec and Jackson, 2004; Jackson et al., 

2005). The contraction of the salt was translated landward and initially forced the 

migration and thrusting of the Angolan salt nappe and later vertical welding of some 

diapirs in the region due to buttressing of Miocene and Recent sediments at the toe of 

the nappe (Hudec and Jackson, 2004). The downslope motion of the salt is widely 

attributed to gravity sliding/spreading (Duval et al., 1992; Lundin, 1992; Anderson et 

al., 2000; Hudec and Jackson, 2002; Valle et al., 2001; Tari et al., 2003; Hudec and 

Jackson, 2004) 

3.1.3 Occurrences of polygonal faults on the West African margin 

Polygonal faults have been previously reported in several studies on the West African 

margin (Cartwright and Dewhurst, 1998; Cramez and Jackson, 2000; Gay et al., 2004, 

2006; Andresen and Huuse, 2011; Ho et al., 2012; Monnier et al., 2014) (Fig. 3.3). All 

of the studies noted polygonal faults in the Tertiary of the Namibian and Orange basin 

(Cartwright and Dewhurst, 1998). Further north, polygonal faults have been found in 

the Neogene of the Lower Congo and Gabon basins (Cramez and Jackson, 2000), 

Upper Miocene to Lower Quaternary of the Lower Congo Basin, North of the Zaire 

Canyon (Gay et al., 2004, 2006) and the Plio-Pliestocene of the Lower Congo Basin, 
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south of Zaire Canyon (Andresen and Huuse, 2011; Ho et al., 2012; Monnier et al., 

2014). All polygonal faults previously described in the literature are found in 

formations that are clay rich sequences and have upper tips in close proximity to the 

seabed.  
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3.2 Norwegian Margin 

This section examines the geological history of the Norwegian Margin. The 

Norwegian Margin is located between 62°N and 69°N offshore of northwestern 

Norway (Fig. 3.5), in water depths of up to 1800 m. There are two major basins on the 

Norwegian Margin, the Vøring Basin, located between the Bivrost fracture zone to the 

northeast and the Jan Mayen fracture zone to the southwest (Lundin and Doré, 1997). 

The second basin is the Møre basin bound to the northwest by the Jan Mayen fracture 

zone and has the southeastern boundary demarcated by the Shetland-Fareo 

Escarpment (Lundin and Doré, 1997). The survey used in this study is located on 

southern tip of the Modgunn Arch, a Cenozoic inversion structure, located between 

both the Vøring and Møre basins, over the Jan Mayen Fracture zone (Blystad et al., 

1995) 

3.2.1 Structural evolution of the Vøring and Møre basins  

3.2.1.1 Pre-rift Architecture: Caledonian Orogeny 

The Caledonian Orogeny spanned from Late Cambrian to Silurian, during the 

consolidation of several smaller plates (Baltica, Avalonia and Laurentia) to form 

Laurussia (Euramerica) (Ziegler, 1988; Roberts, 2003) More recently four distinct 

tectonic events within the Caledonian Orogeny have been recognised and summarised 

in Roberts (2003). The oldest tectonic event, The Finnmarkian Event, involved the 

accreation of Baltica and an unnamed magmatic island arc. The next Caledonian event, 

the Trondheim event, involved the obduction of a micro-continent against the Baltica 

continent. Subsequent tectonic events (Taconian and Scandian events respectively) 

initially involved the remote expression of thermotectonic events, in the form of 

island-arc accretion along the Laurentian Margin and later involved the subduction of 

the Baltican Margin beneath the Laurentia plate. The final and latest phase is the 

Solundian phase which is the Mid to Late Devonian post-orogenic collapse which 

created a change in tectonic regimes from compressional to extensional tectonics. The 

extensional tectonic domain is evidenced with the development of basal shear zones 

and half grabens infilled by continental alluvial sedimentation (Ziegler, 1988; 

Andersen and Jamveit, 1990; Andersen et al., 1994; Folkestad and Steel, 2001)
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Figure 3.5: Tectonic map of the Vøring and Møre basins on the Norwegian Margin summarising the 

location of major structures as well as the distribution of polygonal faults in the region. For line of 

section see Fig. 3.7 
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Figure 3.6: Tectono-stratigraphic column of the Møre and Vøring basin modified from the Norwegian 

Lexicon stratigraphic wall chart (Naturhistorisk Museum, 2015) 
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3.2.1.2 Syn-rift basins  

Three distinct phases of early, pre-break-up rifting have been recognised on the 

Norwegian Margin during the Mid Carboniferous, Carboniferous-Permian and Permo-

Triassic (Ziegler, 1988; Brekke et al., 2001). The structure of the rift was dominated 

by N-S and NE-SW trending normal faults with NW-SE transfer faults (Lundin and 

Doré, 1997; Doré et al., 1999; Brekke, 2000). The overall Carboniferous stratigraphic 

succession on the Norwegian Margin records the evolution of a rift dominated 

sedimentary system with alluvial and fluvio-deltaic systems, draining into two palaeo-

seaways to the southwest and northeast of the Norwegian Margin (Brekke et al., 2001 

and references therein).  

The Early Permian on the Norwegian Margin is a continuation of the terrestrial 

sedimentation seen in the Carboniferous. Carboniferous-Permian rifting initiated due 

to the onset of an E-W transtension/extension that reactivated NW-SE basement 

structures (Brekke et al., 2001) (Fig. 3.5)  

The Permo-Triassic rifting and crustal extension was driven by thermal subsidence of 

the margin and almost exclusively accommodated along a series of boundary faults 

orientated NNE to NNW. Thermal subsidence is also coupled with uplift along the 

Norwegian mainland. The sedimentation is predominately terrestrial alluio-fluvial 

deposits with minor marine incursions (Brekke, 2001). Many of the Palaeozoic and 

early Mesozoic syn rift deposits and structures are preserved on the Trøndelag 

Platform (Blystad et al., 1995; Brekke, 2000; Brekke et al., 2001; Sommaruga and 

Bøe, 2002) (Fig. 3.5, Fig. 3.6) 

3.2.1.3 Formation of Vøring and Møre Basins: Rift to Drift 

The Vøring and Møre basins are large basins which comprise grabens, deep basins 

and structural highs that formed during the Mid/Late Jurassic to Early Cretaceous 

crustal stretching and thinning (Blystad et al., 1995). The development of the Vøring 

and Møre basins show strong contrasts. The Vøring Basin developed over several 

phases of faulting, the earliest of which occurred in the Late-Mid Jurassic to Early 

Cretaceous (Brekke, 2000; Gómez et al., 2004; Skogseid et al., 2000) (Fig. 3.8). The 

earliest faulting along the Fles fault complex created a number of smaller sub-basins 

and structures. These include the Rås and Træna basins to the East and the Vigrid and 

Någrind syclines to the west (Blystad et al., 1995; Brekke, 2000). During the mid-
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Cretaceous these sub-basins were overprinted by thermal subsidence and were thus 

incorporated into the larger Vøring basin (Fig. 3.7). Late-Jurassic to Early Cretaceous 

rifting is the main phase of deformation in the Møre basin. The early rifting phase 

comprise of landward dipping fault blocks, many of which had very high throws of 

2.5 km or more (Brekke, 2000). Many of these tilted fault blocks formed incipient 

highs within the basin (Fig. 3.7). 

The Mid to late Cretaceous of the Vøring and Møre basins formed large basins as the 

result of crustal downwarping as very little evidence for faulting can be seen in the 

basin (Blystad et al., 1995; Brekke, 2000). This is coupled with the rise of the margins 

of both the Vøring and Møre basins, evidenced by thinning and onlapping Cretaceous 

sediment (Brekke, 2000) (Fig. 3.7). This regime of passive subsidence continued in 

the Møre basin until the early Palaeogene. In contrast the Vøring Margin underwent 

significant folding and uplift during the late Cretaceous due to tectonic inversion (Doré 

et al., 1999; Brekke, 2000; Skogseid et al., 2000). The primary locus for folding in the 

Vøring basin was the Fles fault system that was reactivated and forms the core of a 

faulted antiform (Fig. 3.7). In the northern sector of the Vøring basin, the Nyk and 

Utgard highs define three large synclinal folds (Brekke, 2000). These folding events 

formed in the latest Cretaceous as the folding of the Upper cretaceous units becomes 

progressively more open in the North of the Basin and the northern most anticlines of 

the Utgard and Nyk highs show no onlaps with Cretaceous strata. The flexure of the 

crust in the Vøring Basin and passive subsidence of Møre basins created deep marine 

basins into which thick shales up to 8km thick accumulated and have been the subject 

of much exploration for their potential to generate hydrocarbons (Brekke et al., 1999; 

Brekke, 2000; Skogseid et al., 2000; Brekke et al., 2001). In addition there are 

localised occurrences of thick (up to 1 km) of sandy turbidites sourced from the 

emergent platform areas and transported along NW-SE lineaments (Brekke et al., 

2001) (Fig. 3.8).  

The Palaeogene of both the Vøring and Møre basin records the continued uplift of the 

Cretaceous basins and is punctuated by a flat to weakly folded unconformity at the 

base of the Palaeogene (Brekke, 2000). The early Palaeogene in both the Møre and 

Vøring basins is significant as it marks the rifting and significant igneous activity 

arising from a mantle plumes under the thinned lithosphere (Eldholm et al., 1989; Doré 

et al., 1999; Brekke, 2000; Planke et al., 2000; Berndt et al., 2001; Planke et al., 2005) 
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(Fig. 3.5, Fig. 3.7). In the Vøring and Møre basins, there is evidence of sub-aerial lava 

flows on the Vøring escarpment as well as the Fareo-Shetland escarpment at the edges 

of the Vøring and Møre basins respectively. Within the basins themselves the igneous 

activity and synchronous with the extrusive volcanics on the northwestern basin 

margins, there is widespread emplacement of sills into the Cretaceous basin fill on the 

northwestern side of both basins. In the Møre Basin, sill emplacement was constrained 

by the Møre-Trøndelag fault system with deepest sills being found to the east of the 

basin and become shallower, stepping through stratigraphy (Brekke, 2000). Faulting 

and deformation associated with the continental break-up of Greenland and Norway 

was focused on the margins of the basins, in particular the Gjallar Ridge (Brekke, 

2000; Gernigon et al., 2003, 2004). Palaeocene sedimentation was deposited during a 

period of rifting and uplift of the Fenno-Scandian shield, creating a shallow basin with 

a stratified water column (Brekke et al., 2001; Brunstad et al., 2008) which deposited 

marine clays with minor sandstones and siltstones (Dalland et al., 1995; Brekke et al., 

2001) (Fig. 3.8). The break-up of Norway from Greenland deposited thick flood 

basalts along the Vøring Escarpment and Gjallar ridge areas. In the south, magmatism 

and igneous activity is expressed in deposits of tuffaceous clays (Dalland et al., 1995; 

Brekke, 2000; Brunstad et al., 2008) formed from the deposition of volcanic ash in the 

restricted, deep basins (Fig. 3.8). 

3.2.2 Post rift sedimentation and tectonic inversion 

Post rift, the Norwegian margin was subjected to inversion, caused by a change in the 

plate motion (Lundin and Doré, 2002). This change in plate motion created large 

domes and elongated antiforms such as the Hellan Hansen and Modgunn Arch (Fig. 

3.7). The inversion related domes helped to constrain the position of contourite 

deposits within the shelf environment (Bryn et al., 2005; Eidvin et al., 2007; Hjelstuen 

et al., 2004). 

The Brygge formation was deposited from Early Eocene to Early Miocene (c. 55-

18Ma)(Chand et al., 2011; Eidvin et al., 2007). The Brygge formation represents one 

of the major tectono-stratigraphic elements of the Norwegian margin. The oldest 

sediments of the Brygge formation are terrigenous in origin and are continental shelf 

deposits that were deposited prior to the opening of the Greenland - Norway and 
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Figure 3.7: Modified from Blystad et al 1995 summarising the structural and stratigraphic context of the Hellan Hansen and Modgunn arches. For line of section see Fig. 3.5. 
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Figure 3.8: (From Lundin and Doré, 1997) Palaeogeographic reconstruction of the NE Atlantic from 

Late Jurassic to Miocene age 
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Greenland - Scotland seaways (Chand et al., 2011; Eldholm et al., 1989; Thiede and 

Myhre, 1996). The opening of these seaways coupled with subsidence and flooding 

deposited a succession of hemipelagic oozes composed of biosiliceous clays and muds 

(Fig. 3.6). This unconformity coincides with the reactivation and growth of the 

Modgunn and Hellan Hansen arches (Brekke, 2000). The timing of activation and 

cessation of uplift is not clearly defined as doming has been observed to affect Late 

Miocene age sediments (Løseth and Henriksen, 2005). The Kai formation is Early 

Miocene to Late Pliocene in age and is primarily composed of hemipelagic calcareous 

and siliceous oozes that form large contourite drifts (Bryn et al., 2005; Eidvin et al., 

2007; Hjelstuen et al., 2004) (Fig. 3.6). The contourite drifts form around incipient 

highs and reflect the establishment of oceanic currents within the developing sea way 

between Norway and Greenland. 

The upper most formation in the region is the Naust formation. The Naust formation 

is a late Pliocene early Pleistocene succession of glacio-marine sediments (muds, ice 

rafted debris and debris flows), deposited in a wedge geometry (Swiecicki et al., 1998). 

The Naust formation is influenced by contour currents as well as glaciogenic debris 

flows resulting in an interlayering of the two deposits within the basin (Bünz et al., 

2003). The survey area studied is located on the northern side wall of the Storegga 

slide, a large submarine landslide that transported 3400 km3 of sediment up to 800 km 

NW of Norway into the abyssal plain, and occurred 8.2k.y.a (Bünz et al., 2003; 

Haflidason et al., 2004; Kvalstad et al., 2005). The Storegga slide affected an area of 

95,000 km2 and is made of up to multiple slide lobe events (Haflidason et al., 2004; 

Solheim et al., 2005) (Fig. 3.5). The main unit of failure was the Brygge formation 

(Bryn et al., 2005) which was exposed in the sidewalls, headwalls and in the glide 

plane. The cause of the slope failure has been ascribed to a variety of factors including 

the inherent mechanical weakness of the lithology which consists of thick 

accumulations of oozes and clays, fault reactivation as a function of isostatic loading 

due to ice flux and the presence of erosional troughs formed by ice streams that further 

compounded intrinsic sediment instabilities by differentially loading the mechanically 

weak, gently sloping sediments.  

3.2.3 Distribution of polygonal faults on the Norwegian Margin 

The polygonal faults have been widely reported on the Norwegian Margin (Fig. 3.5). 

Polygonal faults were first reported on the Norwegian Margin by Hjelstuen et al., 
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(1997) who noted arrays of small offset polygonal faults around the Vema Dome. 

Later studies by Berndt et al. (2003) and Stuevold et al. (2003) describe more 

polygonal faults on the Møre and Vøring basins. Stuevold et al. (2003) describe 

polygonal faults in the Upper Cretaceous and Palaeocene sequence around the Ormen 

Lange dome and examines their impact on fluid flow in area. Berndt et al. (2003) 

describe a wide spread polygonal fault network in the Miocene (Kai formation) that is 

present in the Møre and Vøring basins.  
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Abstract 

Polygonal fault systems are complex features within the subsurface, not least, because of the diversity 

of patterns that have been described from tiers in a wide variety of depositional settings and basins 

globally. One of the key features of polygonal fault systems is the tier, which aptly describes the 

tendency of polygonal faults to form within specific packages or formations with a fine-grain size. 

Within a single polygonal fault tier, fault dimensions vary significantly with the largest polygonal faults 

being termed Master polygonal faults (Cartwright, 2011). The controls on the development of Master 

polygonal faults and polygonal fault organisation is at present, poorly understood.  

This study examines a tier from the Modgunn Arch, Norwegian Margin. This tier shows a small number 

of very large polygonal faults with trace lengths of >900 m and fault heights of > 600 m. These faults 

are the largest in the tier and are defined, in this study, as Master polygonal faults. This study presents 

two case studies of Master polygonal faults from a single polygonal fault tier; one case study focusses 

on an area where fault traces show a high degree of connectivity, whereas a second case study examines 

an area where fault traces show a low degree of connectivity. This chapter suggests that faults in the 

two study areas show subtle differences in throw character and tier organisation. This study suggests 

that Master polygonal faulting is a product of the number branchline intersections, preferred orientation 

and fault dimensions. In areas of a tier where the polygonal fault array has a high degree of connectivity, 

Master polygonal faults can develop through preferential alignment to regional stresses. In areas where 

polygonal fault connectivity is low, Master polygonal faults develop from the largest polygonal faults 

which preferentially accrue the greatest strain. This study demonstrates that there are multiple pathways 

in which polygonal faults can continue propagating and outpace surrounding faults in a single network.  
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4.1 Introduction  

Polygonal fault tiers are partitioned into a package of offset reflections with a clear 

upper and lower boundary. Several tiers may be present within a fine grained sequence 

and are usually confined within discrete stratigraphic intervals, usually at or between 

formation tops (Cartwright, 2011; Cartwright and Lonergan, 1996; Gay et al., 2004; 

Hansen et al., 2004; Lonergan and Cartwright, 1999; Watterson et al., 2000). Beyond 

the individual tier boundaries, seismic reflections are un-deformed (Carruthers et al., 

2013; Cartwright, 2011; Cartwright and Lonergan, 1996; Dewhurst et al., 1999). 

Changes in fault frequency and orientation within polygonal fault tiers, both vertically 

and laterally, have been attributed to the presence of sand rich channels (Cartwright, 

2011; Lonergan and Cartwright, 1999), clay to limestone transitional changes (Ostanin 

et al., 2012) and changes in clay mineralogy (Cartwright and Dewhurst, 1998; 

Dewhurst et al., 1999). 

Description of upper and lower tier boundary zones, and in particular, their controls, 

have been largely overlooked in previous studies of polygonal faults. Lithological 

variation has been suggested to be a major control on tier boundaries, Jackson et al., 

(2014) and Cartwright (2011) demonstrated that polygonal fault sets can become 

decoupled in the presence of sands within the polygonal fault tier, with Cartwright 

(2011) describing each decoupled fault set as a sub tier. However, other studies have 

shown that polygonal faults are able to propagate through sand rich intervals (Möller 

et al., 2004), where polygonal fault activity is synchronous with channel deposition, 

polygonal faults can help constrain the position of the sand body (Lonergan and 

Cartwright, 1999; Möller et al., 2004). This would suggest that where sands are 

unconsolidated and diagenetically immature, polygonal faults are able to propagate 

through sandy lithologies. In contrast, where sands have undergone some burial, as 

seen in the schematic diagrams presented in Jackson et al. (2014), polygonal fault 

growth is terminated. Therefore, the efficiency of lithology based tier boundaries is 

strongly influenced by the timing relationship between polygonal fault formation and 

the sandstone body. Furthermore, due to the potentially vast areal extent of polygonal 

fault arrays (up to 106 km2 in areal coverage (Cartwright, 2011), any sand body is 

likely to represent a very localised barrier to polygonal fault growth, when such 

barriers are considered in the context of the whole tier. In cases where there are no 

sandstone bodies, fault tips have been shown to be constrained by a change in the 
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rheological state of muds and clays. In an example from onshore Australia, the basal 

tips of a polygonal fault tier are constrained by a low velocity, low amplitude zone, 

attributed to an under-compacted mudstone (Nicol et al., 2003; Watterson et al., 2000). 

These tier boundaries represent localised barriers to fault growth, and as such, these 

mechanisms cannot fully account for the formation of Master polygonal faults within 

a single tier, especially where such features are absent.  

Whilst there are many descriptions of polygonal fault arrays and the interaction 

between polygonal faults and changing lithologies, there are some fundamental 

questions regarding the internal organisation of faults within a polygonal fault tier, in 

particular, how and why these organisational changes occur in predominantly fine-

grained tiers.  Many studies have described a loose hierarchy of 1st, 2nd and 3rd order 

of faulting (Gay et al., 2004; Laurent et al., 2012; Ostanin et al., 2012; Seebeck et al., 

2015) whilst others have given more formal terms for fault organisation by defining 

the largest faults in the tier as Master faults (Cartwright, 2011). Other studies have 

anecdotally suggested the presence of sub-tiers (Cartwright, 1994b) and the presence 

of óspace-fillingô geometries of smaller polygonal faults, constrained by larger 

polygonal faults.(Lonergan et al., 1998). Whilst many studies define polygonal fault 

arrays and note a loose óhierarchyô of faulting present within a tier, no study attempts 

to reconcile the impact that the organisation hierarchies have on the evolution of 

polygonal fault tiers.  

This study uses a large, well-imaged survey on the eastern flank of the Modgunn Arch 

and associated well data. This survey was chosen as it shows a clearly imaged Opal 

A/CT boundary across the area, indicating the presence of a fine-grained siliceous 

ooze (Neagu et al., 2010a, 2010b). This study uses two 64 km2 case study areas within 

a single polygonal fault tier on the eastern flank of the Modgunn Arch. The overall 

research objective is to understand how Master polygonal faults are organised within 

a tier, and define the controls on Master polygonal fault propagation. This study 

undertakes simple but high resolution analysis on fault throw, orientation, and fault 

frequency within each case study area at different stratigraphic intervals. By 

comparing the results of two case study areas, it is postulated that any differences in 

the organisation of polygonal faults within a single tier should become apparent. 
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4.2 Regional seismic stratigraphy 

Well 6403 6/1 intersects the survey on the southern tip of the Modgunn Arch and 

details a number of formations that allow lithological calibration of the seismic data. 

The analysis of the well is focussed on formations that host the polygonal fault array. 

Formations that are untouched by the polygonal fault tier studied here are not 

described. 

4.2.1 Rogaland Group (H10-H9) 

The Rogaland Group has a low gamma response, which gradually increases in the 

upper third of the formation where it is capped by a peak in the gamma log. The 

changes in gamma are reciprocated in the density and sonic velocity in this interval, 

which also decrease in the upper third of the formation. This unit is interpreted to be 

a mix of mafic derived tuffs which have a low gamma response (Rider, 2002) with 

increasing shale content up sequence. 

The Rogaland Group has variable thickness, in the south-east, the upper reflection 

package of the Rogaland Group is up to 175 ms (ca.160 m) thick and thickens over 

the crest of the Modgunn Arch (Fig. 4.1). To the North of the survey, the Rogaland 

Group reflection package thins to 50 ms (ca. 45 m). The top of the Rogaland Group 

package consists of three, medium frequency and low to medium amplitude, 

continuous reflections. These reflections gradually become less frequent and thin to 

the east and south east of the survey area (Fig. 4.1).  

4.2.2  Brygge Fm. (H9-H4) 

The base of the package is defined by a prominent high amplitude reflection of H9. 

This reflection package is a large lens of sediment that thins to the west, south and 

north of the survey area over the Modgunn Arch (Fig. 4.1). The unit is characterised 

by medium to high amplitude, continuous, coherent reflections up to 700 ms (630 m) 

in thickness to the east. Petrophysical analysis of this interval shows a low density, 

low gamma interval with no appreciable drop in sonic velocity. A thin peak in the 

gamma ray response at 1920 m MD is suggestive of an unconformity (Rider, 2002). 

Above the unconformity, there is an increase in the gamma response. This is 

interpreted as the position for the Mid Miocene unconformity (MMU) (H4) and the 

junction between the Kai and Brygge Formations. The peak in both sonic and density 

(Fig. 4.1)around 1960 m MD is caused by an Opal A/CT transition boundary (Neagu 

et al., 2010a). Opal A/CT boundaries have been widelyreported from the Norwegian 
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Figure 4.1: (Left) Seismic cross section with the well tie and key stratigraphic horizons, (Right) A diagram summarising the wireline log responses of each formation 
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margin as well as the Faroe-Shetland Channels (Davies and Cartwright, 2007, 2002; 

Davies et al., 2009a; Ireland et al., 2011, 2010; Neagu et al., 2010a, 2010b). Opal 

A/CT reactions are transient features within the sedimentary record, controlled 

primarily by temperature and time (as a proxy for burial), but also by pH and clay 

content (Davies and Cartwright, 2002; Meadows and Davies, 2007; Neagu et al., 

2010a). The Opal A/CT boundary is a discordant high amplitude reflection 

characterised as a peak (see Chapter 2) and is indicative of an increase in impedance 

contrast. The Opal A/CT reflection is evidenced at a regional scale as a convex 

reflection that cuts discordantly across reflections at the survey edges, and is 

concordant with seismic reflections near the centre of the survey (see Fig. 4.1).  

4.2.3 Kai Formation (H4-H1) 

The Kai Formation developed over the entire survey area and is of variable thickness 

ranging from ca. 200 m over the Modgunn Arch to up to 600 m in the east of the survey 

area. The base and top of the package are defined by unconformities, with the Mid 

Miocene unconformity at the base (H4) and the Plio-Pleistocene unconformity (PPU) 

at the top (H1) which truncates reflections to the east of the Modgunn Arch. The 

reflection package contains a mixture of high to medium amplitude continuous 

reflections (Fig. 4.1, Fig. 4.2). The well response of the Kai Formation shows a broadly 

homogenous gamma, density and sonic response. The gamma response is higher than 

the Brygge Formation suggesting that the Kai Formation has a greater proportion of 

clay. 

4.3 Fault populations of the Modgunn Arch region 

The polygonal fault tier is contained within the Brygge and Kai Formations to the east 

of the Modgunn Arch. The tier is broadly wedge shaped and thickens to c. 1 km in the 

east of the survey. To the west of the survey area, the polygonal fault array laterally 

dies out. Near the crest of the Modgunn Arch, the polygonal fault array is replaced by 

a new set of faults that lie above the crest of the Modgunn Arch (Fig. 4.3). The faults 

over the crest of the Modgunn Arch are aligned NW-SE, parallel to the crest and 

segregated from the polygonal fault array by a c. 3 km wide transition zone and are 

termed crestal faults. This study focusses on the polygonal fault array present to the 

east of the Modgunn Arch.
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Figure 4.2: Seismic cross section detailing the lateral continuity of seismic units and key seismic horizons.(A) un-

interpreted seismic data(B) Lithology overlay  to show lateral continuity of lithology between case study areas. 

(H1) Plio-Pleistocene Unconformity, (H4) Mid-Miocene Unconformity (H9) Top Rogaland Group, (H10) Intra 

Rogaland. T2 and T1 refer to terraces from the northern head wall of the Storegga Slide. (C) The vertical 

distribution of faulted intervals within the lithological formations and showing the fault families of Master faults 

(Red) 








































































































































































































































































































































